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ABSTRACT 



The anion nitrate-abundant in our diet— has recently emerged as a major pool of nitric oxide (NO) 
synthase-independent NO production. Nitrate is reduced stepwise in vivo to nitrite and then NO and 
possibly other bioactive nitrogen oxides. This reductive pathway is enhanced during low oxygen tension 
and acidosis. A recent study shows a reduction in oxygen consumption during submaximal exercise 
attributable to dietary nitrate. We went on to study the effects of dietary nitrate on various physiological 
and biochemical parameters during maximal exercise. Nine healthy, nonsmoking volunteers (age 30 ±2.3 
years, V0 2max 3.72 ±0.33 L/min) participated in this study, which had a randomized, double-blind 
crossover design. Subjects received dietary supplementation with sodium nitrate (0.1 mmol/kg/day) or 
placebo (NaCl) for 2 days before the test. This dose corresponds to the amount found in 100-300 g of a 
nitrate-rich vegetable such as spinach or beetroot. The maximal exercise tests consisted of an incremental 
exercise to exhaustion with combined arm and leg cranking on two separate ergometers. Dietary nitrate 
reduced V0 2max from 3.72 ±0.33 to 3.62 ±0.31 L/min, P<0.05. Despite the reduction in V0 2max the time 
to exhaustion trended to an increase after nitrate supplementation (524±31 vs 563 ±30 s, P=0.13). 
There was a correlation between the change in time to exhaustion and the change in V0 2mdX (K 2 = 0.47, 
P=0.04). A moderate dietary dose of nitrate significantly reduces V0 2max during maximal exercise using a 
large active muscle mass. This reduction occurred with a trend toward increased time to exhaustion 
implying that two separate mechanisms are involved: one that reduces V0 2max and another that improves 
the energetic function of the working muscles. 

© 2009 Elsevier Inc. All rights reserved. 



Dietary sources of nitrate and nitrite have recently emerged as 
major pools of NO synthase-independent NO production under 
certain conditions [ 1 -3]. This is an alternative to the classical pathway 
in which NO is produced by oxidation of L-arginine in a reaction 
catalyzed by the NO synthases. Plasma levels of nitrate and nitrite are 
dependent on our diet but also on oxidation of NO produced by NO 
synthases (NOSs). Dietary nitrate is mainly found in green leafy 
vegetables, whereas nitrite is a common preservative in cured meat 
products [4,5]. 

After ingestion nitrate is rapidly absorbed in the upper gastroin- 
testinal tract and the bioavailability is 100%. For yet unknown reasons 
circulating nitrate is actively extracted by the salivary glands and 
secreted in saliva. In the mouth nitrate is partly converted to nitrite by 
nitrate-reducing commensal bacteria. Swallowed nitrite can then 
enter the systemic circulation thereby creating an enterosalivary 
circulation of these anions. Indeed, a recent study shows that 
ingestion of nitrate results in a sustained increase in circulating 
nitrite levels [6]. Nitrite can be further reduced in blood and tissues to 
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form bioactive NO. The clearest evidence of an NO-like bioactivity 
from dietary nitrate in humans is the reduction in blood pressure seen 
after ingestion of this anion [7-9]. There are several enzymatic and 
nonenzymatic pathways for the one-electron reduction of nitrite to 
NO. These include deoxyhemoglobin [10], deoxymyoglobin [11], 
xanthine oxidase [12], and enzymes of the mitochondrial respiratory 
chain [13]. Nitrite-derived NO has been suggested to possess several 
physiological functions such as vasodilation [10,14] and protection 
against ischemia-reperfusion injury [15,16], These effects are espe- 
cially pronounced during increased metabolic demand and hypoxic 
stress, i.e., ischemia-reperfusion injury (for review see [2,17]). Tissue 
acidosis and low oxygen tension are present during physical exercise 
and in this metabolic state reduction of nitrite is probably enhanced. 
Earlier studies have shown that inhibition of NOS-derived NO 
increases oxygen consumption in vivo in dogs [18] and in rats [19]. 
Mitochondrial studies also reveal that the efficiency of oxidative 
phosphorylation becomes more efficient in the presence of NO [20]. 

In a recent study we showed that dietary nitrate not only reduces 
resting blood pressure but also affects vital physiological parameters 
during exercise [8]. Specifically, we found that nitrate ingestion 
resulted in a significant reduction of V0 2 on submaximal work rates. 
This highly surprising effect occurred without accumulation of lactate, 
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indicating that energy production had become more efficient. The 
mechanism is still not known but we speculated that NO or a closely 
related species in some way reduces proton leakage over the 
mitochondrial membrane. In the cited study nitrate reduced V0 2 at 
submaximal workloads but on maximal work rates this did not reach 
significance. 

In this study we wanted to specifically investigate the effect of 
nitrate supplementation on maximal combined arm and leg exercise. 
The metabolic and circulatory response to maximal exercise is quite 
different compared to the submaximal response. At very high work 
rates the body has reached its maximum capacity to consume oxygen 
(V0 2m ax) and increases no further despite increasing workload. The 
V*0 2ma x is largely determined by the maximal cardiac output and 
especially maximal stroke volume [21,22]. Indeed, to achieve a true 
V0 2m ax the active muscle mass needs to be at least 50% of the total 
muscle mass [23]. The oxygen cost of submaximal exercise, on the 
other hand, is largely determined by the efficiency of the contracting 
muscles. In this study, we sought to investigate whether dietary 
nitrate would also influence V0 2max during exercise with large active 
muscle groups and if this would have any effect on the time to 
exhaustion during incremental exercise. We also studied the effects of 
nitrate supplementation on plasma nitrite kinetics during exercise 
and blood pressure in the acute recovery period after this exhaustive 
exercise. 

Materials and methods 

Subjects and exercise protocol 

Nine (seven male, two female) healthy, nonsmoking volunteers 
(age 30 ±2.3 years, V0 2ma x 3.72 ±0.33 L/min) participated in this 
study. All subjects were informed about the experimental procedures 
and gave their written consent. The protocol was approved by the 
regional ethics committee in Stockholm. 

The maximal exercise tests were performed using two combined 
electronically braked arm and leg ergometer cycles (Monark 839E; 
Monark, Vansbro, Sweden). One of these was used as an ordinary leg 
cycle ergometer, whereas the other was placed on an aluminum frame 
and used as an arm ergometer, with handgrips mounted on the 
cranks. The subjects were seated behind the arm ergometer, with the 
height of the saddle adjusted so that the arms, when extended, were 
level with the heart. 

The ratio of arm to leg work in all tests ranged between 20:80% and 
25:75% of the total rate of work. The cadence was set to 80 rpm for 
both arms and legs. The cadence figures, one for legs and the other for 
arms, were available on two computer screens in front of the subject 
as previously reported [24]. 

Heart rate (HR) was recorded by a heart-rate monitor (Model 
Polar S610; Polar Electro OY, Finland). Oxygen uptake (V0 2 ) and 
pulmonary ventilation (VE) were determined by the Douglas bag 
method or with an online gas analyzer system (AMIS 2001 ; Innovision 
A/S, Odense, Denmark). These two methods have been validated 
against each other [25] and the two individual setups were also 



validated against each other before the commencement of the tests. 
The gas analyzers were calibrated with high-precision calibration 
gases (16.00±0.01% 0 2 and 4.00 ±0.01% C0 2 ; Air Liquide, Kungsan- 
gen, Sweden). Before each test, ambient conditions were measured 
and the gas analyzers and inspiratory flow meter were calibrated. 
A 6-20 RPE scale was employed to monitor the subject's rating of 
perceived exertion (RPE) [26]. 

The V0 2ma x was recorded as the highest average oxygen uptake 
maintained during at least 45 s. The criteria for a true V0 2max were the 
attainment of a plateau in oxygen uptake (increase less than 150 ml/ 
min during the last minute of exercise) despite an increase in 
workload and at least one of the following [27]: a respiratory 
exchange ratio (RER) above 1.1, above 8 mM blood lactate, or an 
RPE of at least 18. The maximal effort test continued until volitional 
exhaustion or was terminated when the cadence decreased below 
70 rpm. All subjects were familiarized with the testing procedure and 
allowed to train at the combined arm and leg ergometer at an initial 
occasion. When the subjects felt confident using the ergometer and 
were able to synchronize the arm and leg cranking, the practice 
session was terminated. During this first session the workload for the 
subsequent sessions was determined with respect to achieved 
workload, heart rate, and perceived exertion. 

In a separate set of experiments we investigated the acute 
metabolic response to a single dose of sodium nitrate. Seven healthy 
nonsmoking male subjects (mean age 39 years) cycled at a very light 
workload (86 ±4 W) until steady-state oxygen consumption was 
attained (approximately 5 min). Gas exchange was measured as 
during the maximal exercise test. After completion of the first test, a 
single dose of 0.033 mmol NaN0 3 /kg body wt was consumed and 
60 min later the subject repeated the test at the same workload and 
cadence. As a reference test the seven subjects repeated the test on a 
separate day but with ingestion of placebo (NaCl) instead of nitrate 
after the first exercise bout. These subjects were not fasted and did not 
adhere to the nitrate-free diet described below. No blood samples 
were taken in these subjects. 

Dietary manipulations 

After the familiarization session, the subjects were tested on two 
occasions. All tests were performed after an overnight fast. This study 
was randomized and double-blinded with a crossover design. The 
washout period between the two trials was at least 7 days. The 
following two dietary supplementation protocols were used. 

(1) Nitrate supplementation: the subjects were told to consume a 
diet with low nitrate content (i.e. avoid all vegetables, tea, nicotine, 
some fruits, cured meats, and fish) for 2 days before the test. The 
subjects received 0.033 mmol NaN0 3 /kg body wt three times daily. 
The last dose was taken 40 min before the exercise test was initiated. 

(2) The placebo protocol was the same as in (1) but the subjects 
received an equimolar amount of NaCl (placebo) instead of nitrate. 
Initially 10 subjects were recruited but 1 subject admitted not being 
able to adhere to the dietary restrictions and was excluded from the 
study. 



Table 1 

Metabolic and circulatory responses to maximal exercise in nine individuals after dietary supplementation with nitrate or placebo 





V0 2max (L/min) 


VE max (L/min) 


HRmax (bpm) 


RER 


0 2 pulse (ml/beat) 


VE/V0 2 


TTE (s) 


La max (mM) 


Nitrate 
Placebo 


3.62 ±0.31 
3.72 ±0.33* 


141 ±6 
140±9 


183±3 
183±4 


1.10 ±0.01 
1.09 ±0.02 


19.8 ±1.7 
20.5 ±1.9** 


26.5 ±1.5 
25.4 ±1.4** 


563 ±30 
524 ±31 


10.97 ±0.45 
10.46±0.50 



V0 2max , maximal oxygen consumption; VE max , maximal pulmonary ventilation; HR max , maximal heart rate; RER, respiratory exchange ratio (i.e., maximal oxygen consumption/ 
maximal rate of exhaled carbon dioxide); 0 2 pulse, milliliters of oxygen consumed per heart beat; VE/ V0 2 , liters of pulmonary ventilation per liter of consumed oxygen; TTE, time to 
exhaustion during the maximal work test; La max , maximal blood lactate at end of exercise. 
* P<0.05, nitrate vs placebo. 



Trend, P= 0.05-0.1, nitrate vs placebo. 
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In brief, a small catheter was inserted into an antecubital vein for 
venous blood sampling. Venous blood was drawn with a 5-ml syringe 
and mixed with nitrite-free EDTA in a 1 0-ml test tube and immediately 
centrifuged at 3000 g for 1 0 min at 4°C. The plasma was then separated 
and kept at -80°C. Blood was drawn at rest, after warm-up, and at 1 , 8, 
20, and 30 min postexercise. The plasma concentrations of nitrate and 
nitrite were analyzed by a chemiluminescence assay as described 
previously [6], Capillary blood samples (20 ul) were collected from the 
fingertip and analyzed for lactate using a Biosen C-Line sport analyzer 
(EKF Diagnostics, Magdeburg, Germany). 

Blood pressure measurement 

The blood pressure was measured by the same investigator, on the 
subject's same arm each time, with a stethoscope and an inflatable 
sphygmomanometer placed 1-2 cm above the elbow. The size of the 
cuff was chosen according to the circumference of the subject's upper 
arm. The first Korotkoff sound was interpreted as systolic and the fifth 
phase as diastolic pressure. Blood pressure measurements were made 
with the subject lying in the supine position. The resting blood 
pressure was measured twice after the subject had been resting in a 
quiet room for at least 30 min. 

Statistics 

Results are expressed as means ± standard error of the mean. 
Paired t test was used to evaluate the difference between the placebo 
and the nitrate groups where appropriate. A Bonferroni correction 
was applied when multiple comparisons were done outside of the 
original hypothesis. To investigate the influence of time and treatment 
(placebo or nitrate), the data were treated with a two-way analysis of 
variance (ANOVA) with repeated measures on both time and 
treatment. The data were assessed to determine normal distribution, 
and post hoc analyses were undertaken using Tukey's HSD. Postex- 
ercise measures of blood pressure were expressed as delta changes 
from the preexercise values and analyzed for differences over time 
with one-way ANOVA. The significance level was set at P<0.05. 
However, P values between 0.05 and 0.15 were also considered to be 
suggestive of null hypothesis rejection and are included in the results 
as statistical trends. 

Results 

Circulatory responses to maximal exercise 

After nitrate supplementation V0 2ma x was reduced from 3.72 ± 
0.33 to 3.62 ±0.31 L/min (P<0.05, Table 1). A plot of each subject's 
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Fig. 2. Graph showing the correlation between the difference in V0 2ma x and the 
difference in time to exhaustion between two occasions when nine subjects ingested 
either nitrate (NaN0 3 ) or placebo (NaCl) for 3 days before the experiment. P<0.05 ? 
R 2 = 0A7. 



individual response to nitrate supplementation can be seen in Fig. 1. 
Heart rate and pulmonary ventilation were unaffected by nitrate 
supplementation. Time to exhaustion showed a near-significant 
increase after nitrate supplementation (P=0.13). There was a 
positive correlation between the change in V0 2m ax and the change 
in time to exhaustion (P= 0.042, R 2 = 0.467, Fig. 2). There was no 
change in lactate formation (Fig. 3) during or after maximal exercise. 

Submaximal response to a single dose of nitrate 

Sixty minutes after consumption of a single dose of nitrate V0 2 
decreased from 1.45 ±0.08 to 1.37 ±0.09 L/min (P<0.05) but was 
unchanged in the placebo trials (individual responses in Fig. 4). HR, 
VE, and RER were unaffected by the supplementation. 

Nitrate and nitrite kinetics 

Resting plasma concentrations of nitrate were higher after nitrate 
supplementation (230 ±31 uM) compared to placebo (17.3 ±3.0 uM, 
P<0.001 ). The exercise bout did not affect the nitrate concentrations 
at any time point after termination of the exercise. Conversion of 
nitrate to nitrite was evident from the increased plasma nitrite levels 
after the supplementation period ( 142 ± 35 nM) compared to placebo 
(61 ± 11 nM, P<0.01, ANOVA, Fig. 5). There was a tendency for the 
nitrite levels to decrease in the placebo group at 1 min after exercise 
compared to the resting levels (P=0.06, Fig. 5). 
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Fig. 1. The individual changes in V0 2max after dietary nitrate supplementation 
compared to placebo. The values on the x axis represent the V0 2l mx during the placebo 
trial. Filled circles, male subjects; filled squares, female subjects. 
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Fig. 3. Plasma lactate levels in nine subjects performing a maximal exercise test after 3 
days of dietary supplementation with sodium nitrate or placebo. 
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Fig. 4. Acute effects of dietary nitrate on V0 2 during light exercise. Seven subjects 
performed cycling (86 ±4 W) on an ergometer until steady-state oxygen consumption 
was achieved. Immediately after exercise the subjects consumed a single dose of 
0.033 mol/kg body wt of either sodium nitrate or placebo. 60 min later the cycling was 
performed again at the same work rate and cadence. All seven subjects did both the 
placebo and the nitrate trials. The values presented are the differences between the first 
cycling bout and that after nitrate or placebo. 

Blood pressure response 

There was no significant change in resting blood pressure (nitrate, 
systolic 1 09 ± 3, diastolic 69 ± 2 mm Hg; and placebo, systolic 1 09 ± 5, 
diastolic 70 ± 2 mm Hg). However, at 2 min after the maximal exercise, 
the diastolic blood pressure decreased significantly compared to the 
resting blood pressure in the nitrate group, but not in the placebo 
group (Fig. 6). 

Cyclic guanosine monophosphate (cGMP) 

The plasma concentrations of cGMP increased in both groups after 
exercise compared to rest (P< 0.001, Fig. 7) and were elevated for the 
entire 30 min of the investigation period. There were no differences 
between nitrate supplementation and placebo in absolute values or 
relative increases in cGMP. 

Renin-aldosterone response to nitrate supplementation and exercise 

There was no significant change in plasma renin concentration 
between nitrate (5.5 d=1.2 nM) and placebo (7.1 ±0.8 nM, P=0.11) 
at rest nor after exercise (36.3 ±6.1 and 31.5 ±7.2 nM, P=0.46). 
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Fig. 6. Change in diastolic blood pressure at rest and 2, 8, 20, and 30 min after maximal 
exercise in nine subjects after 3 days of dietary supplementation with sodium nitrate or 
placebo. *P<0.05 for difference from resting blood pressure (ANOVA). 



Neither were there any differences in plasma aldosterone concentra- 
tions at rest (nitrate, 233 ±47; placebo, 193 ±43 pM; P=0.39) or 
after exercise (nitrate, 384 ± 53; placebo, 332 ± 76 pM; P= 0.23). 

Plasma levels of amino acids 

To verify that there was no difference in the intake of dietary 
amino acids preceding the two trials, we analyzed plasma levels of 20 
amino acids, including L-arginine and citrulline. There were no 
differences in any of the amino acids analyzed (data not shown). 

Discussion 

This study highlights several important aspects of dietary nitrate 
supplementation regarding circulatory and metabolic parameters 
during and immediately after exercise. Nitrate supplementation 
seems to give a lower V02 ma x compared to a low-nitrate diet. This 
change occurred without any effect on VE max . HR maXi RER, or 
maximal lactate values. These data emphasize the physiological 
importance of our findings because modest amounts of nitrate, 
which can easily be consumed in a vegetable-rich diet, provided the 
effects. A highly surprising observation is the trend toward 
increased time to exhaustion after nitrate supplementation that 
occurred despite a reduced V0 2 max. Normally, a reduction in V0 2m ax 
is very tightly coupled to decreases in work performance [28], as 
classically seen with hypoxic gas inhalation [29,30]. One could argue 
that this unexpected effect was due to a greater anaerobic energy 
contribution but we found no change in lactate formation, thereby 
ruling out this possibility. However, far from all oxygen-consuming 
processes are coupled to proton pumping and ATP synthesis. Ion 




Fig. 5. Plasma nitrite levels at rest in nine subjects during warm-up and up to 30 min Fig. 7. Plasma levels of cGMP at rest, during warm-up, and up to 30 min after maximal 
after maximal exercise on two occasions: after 3 days of dietary supplementation with exercise on two occasions: after 3 days of dietary supplementation with sodium nitrate 
sodium nitrate or placebo. or placebo. 
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channel leaks, proton leakage, cellular transport of nutrients, heat 
production, etc., all consume oxygen. An explanation for our finding 
could be that the decrease in V0 2max is coupled to a decrease in one 
of these non-ATP-producing but 0 2 -consuming functions in muscle 
tissue. Indeed, several recent reports have found an improved 
efficiency of the mitochondrial oxygen consumption in vitro when 
adding NO donors [31 ] and a decreased efficiency when adding the 
NOS inhibitor L-NAME in vivo [18]. Another possibility that has 
previously been investigated [32] is that an increased NO availabil- 
ity reduces the oxygen-consuming constriction of the blood vessel 
wall. However, this reduced 0 2 consumption would not be able to 
reduce V0 2max if the cardiac output is the limiting factor for the 
oxygen transport. It is possible that there are two independent 
mechanisms involved: one that lowers V"0 2max , an d this has a slight 
negative impact on the time to exhaustion. The other mechanism, 
however, improves performance speculatively through an improved 
muscular efficiency that we found in our earlier study [8]. Yet 
another explanation could be related to the mitochondrial mem- 
brane potential, which correlates with proton leakage, so that 
mitochondria with lower membrane potential are more efficient 
energy converters [33]. Proton leak is defined as non-ATP-producing 
proton cycling over the inner mitochondrial membrane and 
accounts for 15% of active and 20% of resting oxygen consumption 
[34]. NO has been proposed to extend the oxygen gradient in tissues 
[35] by partial inhibition of mitochondria close to the feeding artery. 
In this situation oxygen will distribute over a larger population of 
mitochondria, lowering the membrane potential and theoretically 
also reducing proton leak by the same mechanism. 

In a study by Rassaf and colleagues using perfused rat hearts, a 
decrease in left ventricular developed pressure, decreased contrac- 
tile function, and lower oxygen consumption were observed when 
nitrite was added in the perfusate [36]. If the lower V0 2max 
originates from an effect on the central circulatory organs such as 
a smaller stroke volume or decreased contractile capacity of the 
heart, it is highly likely that we would have found a shortened time 
to exhaustion during the maximal exercise test. More importantly, 
we did not see any effect on maximal heart rate, implying no effect 
on the inotropy of the heart. 

In this study we found that a single dose of nitrate reduced V0 2 by 
80 ml/min. This is somewhat smaller than the effect on V0 2max 
(100 ml/min) and only about half of what we reported in an earlier 
study [8]. These different responses to nitrate might be related to the 
very light workload in the acute experiments or the fact that the 
subjects were not fasting or consuming a nitrate-free diet before the 
experiment. Nevertheless, this implies that there is an acute effect of 
nitrate supplementation that can be further augmented by a longer 
supplementation period. 

The results of this study are interesting in the context of research 
done on high-altitude-living Tibetans. This group of people has 
adapted to high altitude and low barometric pressure through several 
generations. Tibetans living at 4400 m above sea level (asl) have 
significantly lower V0 2 at submaximal work rates and similar [37] or 
lower [38] V0 2max but higher maximal work rates compared to 
inhabitants of lower altitudes. Interestingly, another recent study 
shows that Tibetans living at 4200 m asl have >1 0-fold higher 
circulating nitrate and nitrite levels than U.S. residents at sea level 
[39]. It is tempting to speculate that the Tibetans' adaption to the 
lower barometric pressure at least partly is mediated by increased 
circulating levels of nitrate and nitrite, probably through the 
upregulation and/or activation of eNOS. 

We also found that plasma nitrite seemed to be consumed in the 
placebo group during exercise (P=0.06 rest vs 1 min postexercise) 
and recovered to preexercise levels after 30 min of rest. We interpret 
the consumption of plasma nitrite as a faster rate of nitrite-to-NO 
reduction than the rate of oxidation of NO back to nitrite. This seems 
to contradict earlier findings that suggest an increase in plasma nitrite 



after exercise [40,41 ]. The time aspect is probably important here; the 
acute effect of exercise might be a consumption of nitrite but at the 
same time the increased shear stress on the endothelium might 
increase the enzymatic formation of NO through activation of eNOS, 
thereby elevating the nitrite levels for hours after exercise. The 
increased levels of circulating cGMP indicate an increased NO 
production but do not distinguish nitrate-derived NO from NO 
produced by NOS. 

We also studied the effects on blood pressure before and after 
exercise. In previous larger studies we [7] and others [42] have 
demonstrated a significant reduction in resting diastolic blood 
pressure. Others have seen a rather dramatic acute effect on both 
systolic and diastolic blood pressure after consumption of nitrate-rich 
beetroot juice [9]. In the present study we did not find any significant 
reduction in resting blood pressure, probably because of the weaker 
statistic power of this study, the lower dose, or the shorter 
supplementation period (2 vs 3 days). In addition, Webb and 
colleagues [9] found that the maximum blood pressure reduction 
from nitrate occurred 3 h after ingestion, whereas in the present study 
blood pressure was measured only 40 min after the last ingestion. 

When exercise is terminated, there is a temporary decrease in 
blood pressure, below resting values, as blood remains pooled in the 
dilated muscle beds (for review see [43]). The mechanism of 
signaling molecules involved in this postexercise hypotension 
remains unclear, but NO [44], adenosine [45], and atrial naturetic 
peptide [43] have all been suggested as possible mediators. In this 
study, the diastolic blood pressure was significantly lower than 
baseline (-7 mm Hg, P=0.04) in the nitrate group at 2 min after 
the termination of exercise. There was no significant reduction in 
blood pressure in the placebo group over the investigation period. 
Studies using NO synthase inhibitors in humans have shown a 
suppressed hypotensive response after a bout of resistance exercise 
[44]. NO produced during exercise has been related to the activation 
of eNOS due to increased shear stress on the endothelium. This 
study indicates that nitrite-derived nitric oxide is also important in 
the postexercise hypotensive response. Inhibition of nitric oxide 
synthesis increases blood pressure and has also been shown to 
increase the aldosterone levels in humans. Therefore we investigat- 
ed whether the blood pressure effects in this study originated from 
alterations in the aldosterone or renin system as has previously 
been shown with NO inhibitors [46]. We found no effect on plasma 
levels of aldosterone or renin at rest or after exercise with nitrate 
supplementation compared to placebo. The mechanism behind the 
effect on blood pressure remains unclear, but others have shown an 
increased hypoxic vasodilation and increased blood flow [10] with 
nitrite infusions. It is more likely that this nitrite-induced 
vasodilation is responsible for the effects on blood pressure, rather 
than alterations in blood pressure-regulating hormones. Alterna- 
tively, nitrite may be converted to vasodilatory NO in the vessel 
wall, possibly via intermediate formation of a nitrosothiol. 

In summary, our results indicate that nitrate supplementation 
decreases V0 2ma x at maximal combined arm and leg exercise. 
Surprisingly, this effect occurred with a trend toward increased 
performance. There is a great interest in the effects of our diet in 
sports medicine and our findings add nitrate to the list of nutrients 
that may be of importance in this field of research. 
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Note added in proof. Consistent with the present findings, during 
the review of the manuscript, Bailey et al. demonstrated in healthy 
volunteers that dietary nitrate (in the form of beetroot juice) reduced 
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the 0 2 cost of submaximal exercise and also showed an enhanced 
tolerance to high-intensity exercise [47], 
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QUARTERLY REPORT TO THE EDITOR ON 
TOPICS OF CURRENT INTEREST 

NITRATES AND NITRITES IN MEAT PRODUCTS 

The use of sodium and potassium nitrate as curing agents for meats has 
been an established practice for so long that its origin is unknown. The 
nitrates have no more preservative action than common salt (1), but do 
have a special function. The function in the curing process is to fix and 
heat-stabilize the red color in meat. This color fixation takes place through 
the reduction of nitrate to nitrite by bacterial action and the reaction of the 
nitrite with hemoglobin to form nitric oxide hemoglobin. Heat will convert 
the nitric oxide hemoglobin to nitric oxide hemochromogen, which is also 
a red pigment. Thus, both pigments may be present in cured meats. 

Since nitrate must be changed to nitrite by bacterial action before the 
above reaction can take place, unsatisfactory or insufficient formation of 
nitrite results in ^sufficient or irregular color fixation. It was found that a 
combination of nitrate and nitrite in the curing salt or pickling solution 
gave the most satisfactory results (1). Combinations of potassium or sodium 
nitrate and nitrite are permitted as curing ingredients for meat prepared 
under Federal meat inspection with the limitations of no more than 200 
parts per million of nitrite in the finished product (2). 

NATURAL OCCURRENCE OF NITRATE IN FOOD 

The normal urinary output of nitrate averages 0.5 gram per day pri- 
marily derived from vegetables in the diet. It has been shown that the 
nitrate content of green vegetables varies from 3,636 p.p.m. for spinach to 
50 p.p.m. for asparagus. Strained baby foods were found to contain from 0 
p.p.m. for squash and tomatoes to 833 p.p.m. for spinach (3). Traces of 
nitrate are also found in many potable water supplies. There have been no 
reports that nitrite occurs in plants, although it has been demonstrated that 
human blood contains 10 micrograms per 100 cc. as an average (0.1 p.p.m.) 
(4) 

CHRONIC TOXICITY OF NITRATE AND NITRITE 

Nitrate. Sodium nitrate has been fed to rats at levels up to 10% in the 
diet for their life-time (5). Other than some depression in growth at levels 
above 1 % of nitrate, no adverse effects were noted in these animals. 

Two dogs were fed 2% sodium nitrate in their diet for a period of 105 
and 125 days respectively. No adverse effects were noted and no disturb- 
ance in the blood was observed in these animals. Gross and microscopic 
pathological study of the rats showed nothing attributable to the nitrate 

Lehman, A. J. (1958) Quarterly reports to 
the editor on topics of current interest - 
Nitrates and nitrites in meat products. 
In- Association of Food and Drug Officials. 
22:136-138. 
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i^xcept changes of inanition at 10%, with no morphological difference from 

I the controls at 5 % or less in the diet. Nothing of significance was observed 

j in the dogs. 

/ Nitrite. Rats were fed a sodium nitrite supplement for a period up to 168 

\ days (6). In a typical experiment one rat received a total of 0.167 gram 

( sodium nitrite in 121 days. This represents about 93 p.p.m. in the daily 

• diet. No effects on growth and organ weights of important organs were 

I noted. 

( In a similar experiment in cats, one animal received about 4.1 grams 

j total dose of sodium nitrite during a period of 105 days. This represents 

1 approximately 390 p.p.m. nitrite in the daily diet. Again, no effects on 

| growth rate and weight of important organs were noted. 

I No histopathological examination was done on any of the animals fed 

j nitrite. 

J THE EFFECT OF SODIUM NITRITE ON BLOOD PIGMENTS 

, The reaction of nitrite on the hemoglobin of meat has already been men- 
( tioned. In -the body the usual effect of nitrite is on the hemoglobin of the 
; blood. There is some controversy concerning the molar ratios involved in 
the interaction of nitrite with hemoglobin to produce methemoglobin (7). 
/0m ^h.e ratios are stated to vary from 2 mols of nitrite to 1 mol of hemoglobin 
to 0.5 to 1. Thus, 1 gram of sodium nitrite could convert from 463 to 1855 
. grains of hemoglobin to methemoglobin. 

The rate of conversion of methemoglobin to hemoglobin is also of great 
importance. Prom the evidence presently available this conversion pro- 
ceeds at a rate approximating 10-15 % of the total methemoglobin in the 
blood per hour. Thus, the body mechanisms are capable of rapidly reducing 
methemoglobin to the oxygen-carrying hemoglobin. It is of interest to 
note that the normal blood of man contains about 0.7 % methemoglobin. 

THE HAZARD OF RESIDUAL NITRITE IN MEAT 

An individual consuming 100 grams of corned beef containing 200 p.p.m. 
residual nitrite would ingest 20 milligrams of nitrite. This represents about 
13 p.p.m. in the day's diet. In light of the facts related above, this quantity 
of nitrite, if all absorbed, could convert approximately 10-40 grams of 
hemoglobin to methemoglobin representing about 1.4 to 5.7 per cent of the 
total blood pigment. In view of the fact that a concentration of 40% 
methemoglobin in the blood is necessary before compensatory mechanisms 
of the body are brought into play to increase the oxygen supply to the 
tissues, the methemoglobin contributed by 20 milligrams of ingested 
/ """ v dium nitrite is of no significance. 

It must be borne in mind that the most significant feature in estimating 
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the health hazards of nitrite is the molar ratio between the nitrite utilized i 
and the methemoglobin formed. As already pointed out 1 gram of sodium i 
nitrite could convert from 463 to 1855 grains of hemoglobin to methemoglo- j 
bin. The blood of the average adult contains about 700 grams of hemoglobin. ' 
As stated, previously a concentration of about 40 per cent methemoglobin \ 
in the blood brings about compensatory mechanisms to maintain the oxygen > 
supply to the tissues. A concentration of 80-85 per cent is considered - 
lethal (7). Because of the small molecular weight of sodium nitrite, 69, in j 
relation to the large molecular weight of hemoglobin, 64,000, only a small | 
margin of safety exists between the amount of nitrite that is safe and that 1 
which may be dangerous. The margin of safety is even more reduced when I 
the smaller blood Volume and the corresponding smaller quantity of hemo- J 
globin in children is taken into account. This has been emphasized in the 
recent cases of nitrite poisoning in children who consumed weiners and [ 
bologna containing nitrite greatly in excess of the 200 p.p.m. permitted by. j 
Federal regulations (8). The application of nitrite to other foods is not to be j 
encouraged. 
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Brief Communication: Feeding Studies of Nitriiotriacetic Acid and Deriva- 
tives in Rats 1 2 

W. Lijinsky, 3 M. Greenblatt, 4 and C Kommineni, 5 6 Eppley Institute for Research in Cancer, University 
of Nebraska Medical Center, Omaha, Nebraska 68105 

SUMMARY— Groups of 15 male and 15 female MRC rats were given 0.5% nitriiotriacetic acid (NTA) 
or 0.5% iminodiacetic acid (IDA) in drinking water, with and without 0.2% sodium nitrite (NaNCX) or 
0.5% sodium nitrate (NaN0 3 ) for most of their lifespans. The dose was 20 ml solution per animal 5 days 
a week. The expected in vivo nitrosation product, nitrosoiminodiacetic acid (NIDA) was administered 
similarly at 0.2% in drinking water. The total dose received by each animal was 42 g NTA, IDA, or NaNOs, 
16 g NaN0 2 , or 14.4 g NIDA. No significant difference in tumor induction was noted between the treated 
groups or between them and the untreated controls— J Natl Cancer Inst 50: 1061-1063, 1973., 



NITRILOTRIACETIC ACID (NTA) has been 
considered a possible replacement for "phosphate" 
as a component of household detergents, and it 
seemed probable several years ago that NTA would 
be used on a large scale. When a foreign compound 
can rapidly be widely disseminated, it is desirable 
to test the safety of the material (such as NTA) by 
chronic administration to animals. Because amines 
like NTA could react with nitrite in the stomach or 
other media to form JV-nitroso compounds (7, 2), 
many of which are carcinogenic (3), we designed 
our test of NTA to examine this possibility also. 
NTA, although a tertiary amine, could contain the 
corresponding secondary amine, iminodiacetic acid 
(IDA), as impurity. This compound forms the 
jV-nitroso derivative nitrosoiminodiacetic acid 
(NIDA) by reaction with nitrous gases (4); the 
same reaction occurs with nitrites in dilute acid 
solution. NTA could also react with nitrite in 
weakly acid solution to form NIDA (5); this 
reaction proceeds at a reasonable rate, even at body 
temperature. The reduction of nitrate to nitrite by 
bacteria in the stomach has been suggested as a 
source of nitrosamines when food containing amines 
is ingested (6). As a test of this possibility, imino- 
diacetic acid was administered with sodium nitrate 
(NaN0 3 ). The tests were completed with NIDA 
itself. 

MATERIALS AND METHODS 

Chemicals. —-NT A and IDA, obtained as the disodium 
salts from Aldrich Chemical Co. (Milwaukee, Wis.), were 

403-242^73 16 
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used without purification. Sodium nitrite (NaN0 2 ) and 
NaN0 3 were from Fisher Scientific Co. (Silver Spring, Md.). 

NIDA was prepared by dissolving 50 g sodium imino- 
diacetate in 100 ml water; 100 g of ice plus 100 ml concen- 
trated HCI were added. The solution was cooled in ice, and 
35 g NaN0 2 was added slowly during 30 minutes. The 
solution was allowed to stand in ice for a half hour, then was 
evaporated to 100 ml with a rotary evaporator (60° C bath 
temperature) and filtered. The filtrate was extracted 3 times 
with 500-600 ml ether, and the combined ether extracts 
were dried with anhydrous magnesium sulfate. The ether 
solution was distilled on a war m-water bath until about 1 50 
ml remained ; this was further evaporated to about 30 ml in 
a stream of nitrogen at room temperature. The crystalline 
solid was filtered off, washed with a little ether, and allowed 
to dry in air. The yield was 28 g (70%) of almost colorless 
crystals, mp 145.5-146.5° C. 

The mass spectrum (70 eV) showed a parent ion at m/e 
162 corresponding to C 4 H 6 N 2 0 5 , with fragments at m/e 132 
(loss of NO), and 117 (loss of COOH). 

Animals and treatments. — Male and female MRC rats, 
originally obtained from the Medical Research Council, 
Carshalton, England, and subsequently bred in out- 
laboratory, were grouped 5 to a polycarbonate cage on 
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Sanicel bedding and fed Rockland diet in pellets. The 
animals were 8-10 weeks old at the beginning of treatment. 
Solutions for feeding were prepared by dissolving the dry 
solids in 4 liters distilled water: 20 g NTA, IDA, or NaN0 3 , 
8 g NaN0 2 or NIDA. We gave 100 ml of each solution to 
5 rats in a cage 5 nights a week. The solutions were usually 
consumed by morning, and the animals were given tap 
water during the day and on weekends. Treatment with 
NIDA was for 72 weeks; all other solutions were given for 
84 weeks. Animals, dead or killed at the termination of the 
experiment (104 weeks after the beginning of treatment), 
were completely autopsied. All tumors observed grossly were 
confirmed by microscopic examination. 

RESULTS 

There was no sign of toxic effect from any 
treatment, and most animals survived until the 
end of the experiment. The pathologic findings are 
given in table 1, in which the tumors are listed by 
organ. All tumors were of the type occasionally 
found in untreated controls of this rat strain. 

DISCUSSION 

No significant difference in tumor incidence or 
organ distribution of tumors was apparent between 
the rats fed NTA or its derivatives and the controls. 
Surprisingly, NIDA was noncarcinogenic, even 
though each animal received more than 14 g of 
the compound (30-60 g/kg body weight) during 
72 weeks. In this, NIDA resembles another nitro- 
samino acid, nitrosoproline (3) and differs from 
the carcinogenic nitrososarcosine (3) that could 
be derived from NIDA by decarboxylation. Be- 
cause of the lack of activity of NIDA in rats, the 
formation of NIDA from IDA or NTA and nitrite 
in the stomach is not biologically significant. Simi- 
larly, the possible reduction of nitrate to nitrite was 
unnoticed and is unimportant here, though it might 
be important when amines that are precursors 



of carcinogenic nitrosamines are ingested at the 
same time. 

The high incidence of tumors of "normal" type 
in both experimental and control groups of these 
rats is unexpected and difficult to explain. Never- 
theless, the absence of tumors of the type commonly 
induced in rats by nitrosamines (3) (in liver, 
kidney, lung, esophagus) shows that NTA is not 
a carcinogenic hazard, despite the consumption 
by the animals of more than 40 g NTA or IDA, a 
considerable proportion of the body weight. Our 
groups of animals were small, and statistical an- 
alysis of the results (by Mr. T. J. Mitchell of the 
Statistics Department, Mathematics Division, Oak 
Ridge National Laboratory) could not be conclu- 
sive, though no difference in tumor incidence 
between groups was deduced. Tests on a larger 
scale might reveal a tumorigenic effect of NTA 
and associated compounds, but such an effect 
would be slight. 
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Changes in Plasma and Muscle Creatine Concentration after Increases in 
Supplementary Dietary Creatine in Dogs 1 

John A Lowe, 2 Martin Murphy and Victoria Nash 

Gilbertson & Page Ltd., Welwyn Garden City, Herts, AL7 1LF, UK 

EXPANDED ABSTRACT 



KEY WORDS: • dogs • creatine • muscle • plasma • creatinine 



Creatine (Cr) 3 is an important component of the energy 
delivery process in tissues with a high and/or fluctuating energy 
demand. In the phosphorylated form, phosphocreatine (PCr) 
is directly involved in maintaining low adenosine diphosphate 
concentrations at the sites of energy utilization. Consequently, 
the maintenance of an adequate supply of PCr at the contrac- 
tile site of the muscle is important for the perpetuation of 
muscle performance during intense exercise and exertion. 

In normally active animals and humans, a sufficient supply 
of PCr is considered to be synthesized from the amino acids 
arginine and glycine (Harris and Lowe 1995). It has been 
observed in humans, however, that supplementary dietary Cr 
can, over time, increase the normal muscle content of 100- 
130 mmol/kg dry weight by between 2 and 40 mmol/kg (Harris 
et al. 1992). Dietary Cr supplementation has been shown to 
have a positive effect on short-lasting maximal exercise per- 
formance and sustained intense exercise with reduced meta- 
bolic effort (Balsom et al. 1993, Greenhaff et al 1993, Harris 
et al. 1993); therefore, such Cr loading might be considered 
beneficial to the working and/or sporting dog. 

In the wild, the intake of Cr by the dog from freshly killed 
prey can be regular and substantial, 1.23-3.0 mmol/(kg body 
weight • d) (Rohrs 1987). However, a recent review of the 
dietary intake of Cr in the domestic dog indicated that dietary 
supply may be limited (Harris et al. 1997). Although this 
should not be regarded as a deficiency of the diet, it is certainly 
possible that an increase in supply may influence performance 
as with human athletes. A recent study in humans showed that 
long-term, low dose supplementation of the diet with Cr was 
ultimately as effective in raising muscle Cr concentration as a 
short-term, high dose supplementation (Hultman et al. 1996). 
In dogs, it has been shown that Cr is equally well absorbed into 
the plasma from either fresh meat or synthetic Cr (Harris and 
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1 Presented as part of the Waltham International Symposium on Pet Nutrition 
and Health in the 21st Century, Orlando, FL, May 26-29, 1997. Guest editors for 
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2 To whom correspondence should be addressed. 

3 Abbreviations used: AUC 5 , the areaunder the plasma curve, calculated by 
integration, for the 5 h after feeding for plasma creatine and/or creatinine content 
in mmol; Cn, creatinine; Cr, creatine; PCr, phosphocreatine; TCr, the sum of Cn 
plus Cr plus PCr in muscle expressed in mmol/kg. 



Lowe 1995). It remains unknown, however, which of the 8 
feeding regimens is the most appropriate to maximize muscle g_ 
Cr concentration in dogs. ^ 

A preliminary study was therefore conducted to investigated 
the effect of increasing dietary supplemental Cr on muscle and?' 
plasma Cr concentrations in dogs before a further more de-c 
tailed study of the accumulation of muscle Cr over time. 

Materials and methods. Twelve adult Beagle dogs (13.7 P 
kg, SD 2.59) were housed in 2.4 m 2 (1.7 m X 1.4 m) concrete^ 
block pens with an open-mesh steel gate to the front allowing Si 
them visual access to kennel-mates and the central walkway/^ 
exercise area. Bedding was provided in the form of soft-wood j- 
shavings. The kennel building was heated and ventilated to^ 
maintain a temperature between 16 and 24°, 30-70 % relative^ 
humidity with 12 h of light in a 24-h period. All dogs were|- 
monitored throughout the day and pens cleaned once daily, g"- 
The study protocols were appropriately approved and theS 
animals maintained under the care of a veterinary surgeon for§- 
the duration of the study in compliance with the 1986 ECf? 
directive (86/609/EEC) regarding the protection of animals g 
used for experimental and other scientific purposes. All dogs_L 
had been fed a basal diet (Lowe et al. 1994), which contained g 
0.156 mmol Cr/kg diet for at least 2 mo. The dogs were theno 
randomly allocated to four treatment groups (n = 3 per group) t_ 
and the diet supplemented with dry crystalline creatine mo-g 
nohydrate to provide the equivalent of 0.38, 0.76, 1.53 or 3.05^ 
mmol Cr/kg body weight daily for 28 d. Muscle biopsy samples^ 
were taken under anesthesia from the biceps femoris muscle of - ^ 
each dog using a percutaneous needle biopsy technique on d 02 
(the day preceding Cr supplementation), 14 and 28; samples 
were frozen immediately. Subsequently, the samples were 
freeze-dried, dissected from visible connective tissue, powdered 
and analyzed for Cr, creatinine (Cn) and PCr, using reverse- 
phase ion-pairing high performance liquid chromatography 
(Dunnett et al. 1991). Blood samples were taken immediately 
before feeding and then at 0.5, 1,2,3,4 and 5 h after feeding 
on d 0, 14 and 28. All samples were immediately centrifuged 
and the plasma separated and frozen for subsequent Cr and Cn 
analysis. 

Plasma Cr and Cn were analyzed by ANOVA using the 
area under the plasma curve for 5 h after feeding (AUC 5 ) 
within each collection day. With the use of ANOVA, muscle 
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The mean and sem for AUC5 values for plasma Cr and Cn in dogs together with the time of occurrence of peak plasma 
Cr and Cn concentration in hours after feeding dietary supplemental Cr for 14 or 28 d at 0.38, 0.75, 1.53 or 3.05 

mmol/(kg body weight • dp 
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Mean 


SEM P 


Peak 


Day 14 














0.38 Treatment 


227.2 


49.76 0.009 


1 


111.7 


22.04 0.41 


2 


0.75 Treatment 


289.6 




1 


146.5 




2 


1.53 Treatment 


366.0 




1 


115.3 




1 


3.05 Treatment 


639.6 




1 


132.1 
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Day 28 














0.38 Treatment 


253.2 


64.64 0.005 


0.5 


88.5 


39.2 <0.001 


1 


0.75 Treatment 


294.1 




0.5 


113.1 




1 


1 .53 Treatment 


482.1 




1 


201.6 




1 


30.5 Treatment 


849.0 




3 


348.2 




3 


1 AUC5, the area under the plasma curve for the 5 h after feeding. 



o 

o 
o 

0) 

Q_ 
0 

Q- 

5 
3 



Cr concentration was examined by regression on Cr intake 
within a sample day. It is acknowledged that simple ANOVA 
between the two chosen time points is inappropriate; there- 
fore, changes in muscle Cr concentration over time within the 
experiment were examined by a regression model. 

Results. Significant differences were observed in the 
AUC S for plasma Cr on d 14 (P = 0.009) and on d 28 (P = 
0.005) (Table 1). The 1.53 and 3.05 mmol/kg treatments 
substantially increased the AUC 5 and peak plasma values for 
Cr. The profiles for plasma Cr were similar in shape for both d 
14 and 28. Curves for the pooled data are shown for illustra- 
tion in Figure 1. The plasma Cn profile for each treatment 
closely followed the plasma Cr profile with no apparent time 
lag. Although the plasma Cn profile was similar in shape, there 
was greater variability in value. There was a correlation be- 
tween the AUC5 for plasma Cn and the AUC 5 of Cr, which 
could be explained by the following equation: 

Plasma Cn = [0.32(SEM = 0.096) X Plasma Cr] 

-21.1 (SEM = 47.32) R = 0.81 



The concentrations of the individual components, Cr, PCr^ 
and Cn found in the muscle samples were different from thatf; 
expected to be found in vivo. In all probability, this is due to 5' 
the likely hydrolysis of PCr during sample collection andb 
preparation. The data were therefore analyzed on the basis of^ 
the total PCr + Cr + Cn, termed TCr, in the muscle sample. ~ 
The TCr found in the muscles of supplemented dogs wasx 
within the range found in the muscles of Cr-supplementedg! 
humans. Variation in sample adenosine triphosphate (mean> 
23.9 ± 0,45 mmol/kg) indicated that the samples were con--§ 
sistent in their muscle content and did not account for anyg! 
differences seen in TCr among dogs. Numerical increases, ong 
the order of 8-32 mmol/kg in muscle TCr were observed |i 
within individual dogs from d 0 to 14. Further increases on 
28 were not observed, and no consistent effect over time for^: 
any treatment could be established. The mean values for eacho 
day and treatment are shown in Table 2. Large between-^ 
animal variation was observed both pre- and post-treatment, o 
which, together with the small sample size, accounted for the§ 
overall large P-values reported for the treatment effects. or 
Dogs with low initial muscle TCr increased their muscle g 
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FIGURE 1 The composite plasma creatine profiles from d 14 and 
28 expressed as mean (± sem) plasma creatine (mmol/L) in dogs (3 per 
treatment) over the 5 h after a meal supplemented with 0.38, 0.76, 1 .53 
or 3.05 mmol creatine/kg body weight. 



TABLE 2 

The effect of creatine (Cr) intake on muscle Cr concentration. - 
Means (mmol/kg dry muscle) and sem of PCr + Cr + Cn (TCr) 
concentration in the muscle of dogs before (d 0) and 14 and 
28 d after dietary supplementation with 0.38, 0.76, 1.53 or 
3.05 mmol Cr/kg body weight 
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Mean 


SEM 
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Day 0 
Basal diet 


128.6 


17.19 




12 


Day 14 
0.38 Treatment 


149.4 


19.93 


0.23 
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0.76 Treatment 


126.5 
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1 .53 Treatment 


144.1 
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3.05 Treatment 


110.8 
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Day 28 
0.38 Treatment 


131.8 


15.42 


0.29 
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0.76 Treatment 


117.2 
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1 .53 Treatment 


134.1 
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3.05 Treatment 


106.1 
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TABLE 3 

The effect of supplementary Cr on muscle TCr concentration by repeated ANOVA for all data and excluding dogs with high 

(>140 mmol kg) initial muscle Cri 





Intercept 


Slope 


SEM 


P 


R 


P 


n 


All dogs 


128.6 


-3.7 


2.55 


0.16 


0.27 


0.16 


12 


Dogs <140 mmol Cr kg 


111.7 


11.8 


3.44 


0.003 


0.92 


0.006 


9 



1 Cr, creatine; TCr, the sum of creatinine plus Cr plus phosphocreatinine. 



TCr concentration more than those with higher initial muscle 
TCr concentrations. Within a given day, there were between- 
treatment differences, with the 3.05 mmol/kg treatment pro- 
ducing consistently lower muscle Cr values. 

Elimination of the dogs (n = 3) with high (>140 mmol/kg) 
initial muscle TCr concentrations from the data resulted in a 
more dramatic treatment effect by reducing the mean and the 
variability (sem) of the TCr in the control dogs from 128.6 ± 
17.19 to 111.7 ± 5.2. This resulted in a more definite effect of 
Cr intake on muscle Cr concentration, (Table 3). The ob- 
served increase, similar to that in humans (Hultman et al. 
1996), is likely to be sufficient to account for the improvement 
in lactate threshold observed in dogs fed dietary supplemental 
Cr (Lowe, unpublished observations). 

Discussion. The data indicate that there may be large 
differences in muscle TCr concentration in dogs despite a 
constant dietary supply. The effect of feeding dietary supple- 
mental Cr over a 4-wk period is to increase the muscle TCr of 
those dogs with low (<140 mmol/kg) initial TCr while having 
a negligible effect on those dogs with higher initial TCr values. 
Within the confines of the number of animals used, the data 
appear to suggest that any increase in muscle TCr concentra- 
tion is maximized within 14 d and that this effect is achieved, 
in this study, by supplementing the diet with as little as 0.38 
mmol Cr/kg body weight. This is consistent with recent data 
reported for humans (Hultman et al. 1996). There appears to 
be little benefit from feeding larger amounts of supplemental 
dietary Cr in terms of further increasing muscle TCr concen- 
tration after 14 d. However, on the basis of the data reported 
by Hultman et al. (1996) for humans, the feeding of supple- 
mentary Cr in excess of 0.38 mmol/kg may result in consis- 
tently higher muscle TCr concentration being attained sooner 
than 14 d after the start of the feeding regimen. 



The plasma Cn content, by d 28, increased in relation to 
the amount of supplementary dietary Cr fed and as a propor- 
tion (0.39 ± 0.015) of plasma Cr. This increase in plasma Cn 
observed with increases in supplementary dietary Cr will result o 
in increases in urinary Cn excretion in dogs supplemented S 
with dietary Cr. The results of this preliminary study indicate o 
that further studies are required to expand our knowledge of Crg- 
metabolism in the dog. ^ 
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Nitrate, bacteria and human health 



Jon O. Lundberg, Eddie Weitzberg, Jeff A. Cole and Nigel Benjamin 



Nitrate is generally considered a water 
pollutant and an undesirable fertilizer residue 
in the food chain. Research in the 1970s 
indicated that, by reducing nitrate to nitrite, 
commensal bacteria might be involved in the 
pathogenesis of gastric cancers and other 
malignancies, as nitrite can enhance the 
generation of carcinogenic /V-nitrosamines. 
More recent studies indicate that the 
bacterial metabolism of nitrate to nitrite and 
the subsequent formation of biologically 
active nitrogen oxides could be beneficial. 
Here, we will consider the evidence that 
nitrate-reducing commensals have a true 
symbiotic role in mammals and facilitate a 
previously unrecognized but potentially 
important aspect of the nitrogen cycle. 

In an adult human, prokaryotic cells easily 
outnumber the eukaryotic cells as -90% of all 
cells in the body are bacteria 1 . Most of these 
bacteria reside in the gastrointestinal tract, 
with the highest density found in the oral 
cavity and the large intestine 1 . The complex 
interplay between the host and the micro- 
organisms that inhabit the mucosal and 
epithelial surfaces has been intensely studied. 
That this relationship can be symbiotic is 
clearly illustrated, for instance, by vitamin K 
synthesis, which requires colonic bacteria 2 . 
A proper balance between the different species 
competing for space in the gut is also essential, 
and disturbances in the flora, as a result of 
excessive use of antibiotics for example, can 
cause severe infections with opportunistic 
pathogens such as Clostridium difficile 3 . 

In the gastrointestinal tract a relationship 
has been observed between Helicobacter pylori 
infection and gastric cancer 4 5 . The commensal 



flora has also been implicated in the patho- 
genesis of gastric cancer and other malignan- 
cies and, for gastric cancer, much research has 
focused on the nitrate-reducing bacteria 6 " 11 . 
Facultative anaerobic bacteria in the oral cav- 
ity reduce salivary nitrate to nitrite 12 and this 
nitrite enhances the gastric generation of 
N-nitrosamines, a versatile class of carcino- 
gens in animals 13 . However, despite extensive 
research over the past 50 years, the link 
between commensal bacteria, nitrate and 
human gastric cancer is still unclear 1418 . In 
fact, there is increasing evidence that the 
nitrite that is formed in the mouth can subse- 
quently be used by the host to form biologi- 
cally useful nitrogen oxides (including nitric 
oxide, NO) that are important for host 
defence and for the maintenance of normal 
physiological homeostasis in the stomach and 
elsewhere 1 7,19 ~ 26 . This newly described path- 
way for the generation of reactive nitrogen 
intermediates (RNIs) in mammals comple- 
ments the production of RNIs by nitric oxide 
synthase (NOS) in white blood cells 27 " 29 . 

Here, we consider the possibility that 
nitrate-reducing bacteria on mucosal surfaces 
are truly symbiotic and suggest that the previ- 
ous view that dietary nitrate has only harmful 
effects should be reconsidered. We will pre- 
sent evidence that there is an active nitrogen 
cycle in mammals that depends on bacterial 
enzymes and which results in the generation 
of biologically active nitrogen oxides with 
possible beneficial effects. 

Sources of nitrate and its circulation 

Exogenous sources of nitrate and nitrite. The 
main dietary source of nitrate (N0 3 ~) is veg- 
etables, which account for 60-80% of the daily 



nitrate intake in people on a typical western 
diet 30 . Nitrite (NO ? ~) is also found in some 
foodstuffs — for example, it is used as a food 
additive in meat to prevent botulism and to 
enhance its appearance. Other environmental 
sources of nitrate and nitrite include cigarette 
smoke 31 and car exhausts. These and other 
environmental pollutants contain volatile 
nitrogen oxides, some of which are converted 
to nitrate or nitrite in the body. 

Endogenous sources of nitrate. The main 
source of endogenous nitrate in mammals is 
the L-arginine-NO pathway 32 , which is consti- 
tutively active in numerous cell types 
throughout the body. NO is produced from 
the amino acid L-arginine and molecular oxy- 
gen by NO synthases (NOSs). The general 
biological implications of NO have been 
reviewed extensively elsewhere 33,34 . Although 
in simple aqueous systems NO is oxidized to 
nitrite, in mammals NO predominantly 
reacts with oxidized haemoglobin and other 
compounds to form nitrate 33 (BOX l). Under 
basal conditions, the metabolites of endoge- 
nous NO in plasma are mainly derived from 
the L-arginine-NO pathway in the endo- 
thelium of blood vessels 36-38 and possibly 
neuronal tissue. However, during systemic 
inflammatory reactions or infections, white 
blood cells and other cells express an indu- 
cible NOS (iNOS), which produces large 
amounts of NO and ultimately leads to a 
considerable increase in the concentrations of 
nitrate in plasma 39 " 41 . 

The entero-salivary circulation of nitrate. The 
metabolic fate of nitrate in humans is out- 
lined in fig. l. After ingestion, nitrate is 
rapidly and effectively absorbed proximally 
from the gastrointestinal tract into the blood- 
stream, where it mixes with endogenously 
synthesized nitrate. Peak plasma concentra- 
tions are seen within 60 minutes of nitrate 
ingestion and the half-life of nitrate in plasma 
is about 5 hours 42 . Most nitrate is ultimately 
excreted in the urine but some is excreted 
in the saliva, sweat and possibly also the 
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The biological chem istry of some reactive nitrogen intermediates 

Nitric oxide synthesis 

Arginine + 0 2 -» NO + Citrulline 

Nitric oxide 

Five-electron reduction of the amino acid arginine catalysed by nitric oxide synthase (NOS). 

Nitric oxide oxidation 

NO + 0 2 -> ONOO 

Nitric oxide Superoxide Peroxy nitrite 

ONOO -> N0 3 - 
Peroxynitrite Nitrate 

ONOO H + -> HONOO -> OH' + N0 2 

Peroxynitrite Peroxynitrous Hydroxyl Nitrogen 

acid radical dioxide 

Nitric oxide reacts very rapidly with the superoxide radical to form the reactive intermediate 
peroxynitrite, which can isomerize to nitrate or can be protonated to form peroxynitrous acid. 
Peroxynitrous acid in turn can split into hydroxyl and nitrogen dioxide radicals. 

NO + Hb 2+ 0 2 -> N0 3 + Hb 3+ 

Nitric oxide Oxyhaemoglobin Nitrate Methaemoglobin 

Nitric oxide is also rapidly oxidized by haemoglobin in red blood cells to form methaemoglobin, 
which in turn is reduced to normal haemoglobin by the enzyme methaemoglobin reductase. 

Nitrate reduction 

N0 3 " + e- 2H + -> N0 2 + H,0 

Nitrate Nitrite 

Nitrate is reduced by a bacterial nitrate reductase. Facultative anaerobic bacteria use nitrate as 
an alternative electron acceptor to oxygen under hypoxic conditions. 

Nitrite acidification 

N0 2 + H + -> HN0 2 (pKa = 3.2) 

Nitrite Nitrous acid 

2HN0 2 -> N 2 0 3 + H 2 0 
Nitrous acid Dinitrogen trioxide 

N 2 0 3 -> NO + N0 2 

Dinitrogen trioxide Nitric oxide Nitrogen dioxide 

Nitrite is protonated under acidic conditions (such as those in the stomach) to generate nitrous 
acid, which will spontaneously yield dinitrogen trioxide, nitric oxide and nitrogen dioxide. 
Dinitrogen trioxide is a powerful nitrosating agent. 

Nitrosation 

N 2 0 3 -> NO + + N0 2 " 
Dinitrogen trioxide Nitrosonium ion Nitrite 

NO + + RSH -> RSNO + H + 

Nitrosonium ion Reduced thiol Nitrosothiol 

NO + + RR'NH -» RR'NNO + H + 
Nitrosonium ion Secondary amine N-nitrosamine 

Dinitrogen trioxide is a powerful NO + donor which can transfer to a great variety of organic 
side-groups, especially thiols to form 5-nitroso compounds and secondary amines to form 
potentially toxic N-nitrosamines. 



intestines. The exact fate of all of the nitrate in 
the body is still unresolved as only 60% of iso- 
topically labelled administered nitrate is 
recovered in the urine 43 . For as-yet-unknown 
reasons, the concentrations of nitrate excreted 



in saliva are exceptionally high; up to 25% of 
plasma nitrate is actively taken up by the sali- 
vary glands and secreted with saliva 12 , and the 
resulting salivary nitrate concentrations are at 
least 10 times higher than the concentrations 



in plasma. If we were all germ-free' and lived 
in a sterile environment, almost all nitrate — 
ingested or produced endogenously — would 
eventually leave the body unaltered because 
human cells cannot metabolize this anion. 
However, in reality, some of the sites where 
nitrate is excreted are heavily colonized by 
bacteria and, in contrast to mammalian cells, 
many of these microorganisms express 
enzymes that can effectively reduce nitrate. 
Later, we will consider the relevance of bacter- 
ial nitrate metabolism for human health but 
before this, the general handling of nitrogen 
by bacteria in nature will be described. 

Bacterial nitrate metabolism 

The biological nitrogen cycle, figure 2 shows a 
classical, but simplified, overview of the bio- 
logical nitrogen cycle in which bacteria have a 
dominant role. In aerobic soils and sediments 
(and also in conventional wastewater treat- 
ment plants), ammonia that is released from 
human and animal excrement or applied as 
fertilizer is oxidized by aerobic nitrifying bac- 
teria to nitrate. Nitrate is then reduced to dini- 
trogen gas by anaerobic denitrifying bacteria, 
in a process that also requires a source of elec- 
trons. Denitrification dominates poorly aer- 
ated soils and sediments and is exploited in 
wastewater treatment. Life would be impossi- 
ble if the combined processes of nitrification 
and denitrification were not compensated by 
a third process, dinitrogen fixation, which 
completes the nitrogen cycle 44 . 

Nitrate metabolism in bacteria. Despite the 
importance of nitrification and denitrifica- 
tion to agriculture and the regeneration of 
potable water, neither process has significant 
relevance to human health. Almost without 
exception, commensal bacteria do not deni- 
trify nitrate but instead catalyse a short-circuit 
in the nitrogen cycle — the rapid, anaerobic 
reduction of nitrate via nitrite to ammonia 
(FIG. 2) — in which the abundant supply of 
electrons that is provided by anaerobic car- 
bon-rich environments is exploited when the 
normally more-favoured oxygen is not avail- 
able 43,46 . Superficially, this process seems to be 
similar to nitrate assimilation, which is the 
process by which plants, many eukaryotic 
microorganisms and some bacteria use 
nitrate as a source of organic nitrogen com- 
pounds, but both the enzymes involved and 
their transcriptional control are distinct for 
the two processes. As a broad generalization, 
the respiratory reduction of nitrate to ammo- 
nia is repressed by the presence of oxygen 
but is insensitive to the availability of ammo- 
nia or organic nitrogen compounds. It is 
induced during anaerobic growth and further 
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Figure 1 | The entero-salivary circulation of 
nitrate in humans. Vegetables, the main 
dietary source of nitrate, account for 60-80% of 
the daily nitrate intake (2-3 mM total) in people 
on a typical western diet 30 . Once ingested, 
nitrate is rapidly absorbed from the 
gastrointestinal tract and mixes with 
endogenously synthesized nitrate, which mainly 
comes from the L-arginine-NO pathway 32 . Most 
nitrate is ultimately excreted in the urine. Up to 
25% of plasma nitrate is actively taken up by the 
salivary glands and secreted with saliva 12 ; the 
resulting salivary nitrate concentrations can be 
at least 1 0 times higher than the concentrations 
in plasma. Salivary nitrate is reduced to nitrite by 
commensal bacteria in the oral cavity. In the 
acidic stomach, salivary nitrite is reduced to NO 
and other RNIs. 

induced by the presence of nitrate or nitrite. 
Conversely, expression of the genes for nitrate 
assimilation is insensitive to the availability of 
oxygen, but is tightly regulated by the nitrogen 
status of the cell 47 ' 48 . 

Multiple enzymes catalyse parallel pathways, 
A striking feature of respiratory bacterial 
nitrate metabolism is that multiple enzymes 
can catalyse each reaction. At least three types 
of nitrate reductase catalyse the reduction of 
nitrate to nitrite 49 . First, a soluble, assimilatory 



nitrate reductase (NAS) is found in the cyto- 
plasm. Second, energy-conserving nitrate 
reductases (NAR, for example, NaiG, which is 
encoded by the first gene of the narGHJI 
operon) with catalytic sites located in the 
cytoplasm are associated with the cytoplasmic 
membrane, from which they receive electrons 
for nitrate reduction 50 . Third, soluble, peri- 
plasmic nitrate reductases (NAP) are found in 
many Gram-negative bacteria. All three types 
are molybdoproteins and some bacteria, for 
example, Paracoccus pantotrophus, possess all 
three 51 . Escherichia coli and Salmonella enter- 
tea serovar Typhimurium also synthesize 
three different nitrate reductases: although 
they lack an assimilatory nitrate reductase, the 
genes that encode the membrane-associated 
nitrate reductase are duplicated (the narG 
and narZ operons) and differentially regu- 
lated 50,32 , and they also express a periplasmic 
nitrate reductase, Nap, which is encoded by 
the napFDAGHBC operon. 

Bacterial nitrite reduction. Nitrite reduction 
is the reaction that defines whether bacteria 
catalyse denitrification or nitrate reduction to 
ammonia, and in each case, two distinct 
classes of nitrite reductase are involved 49 . All 
nitrite reductases are synthesized preferen- 
tially during anaerobic growth. The denitrifi- 
cation of nitrite to nitric oxide is catalysed by 
the copper-containing NirK or the cyto- 
chrome cd nitrite reductase NirS, both of 
which are located in the periplasm 30 . Two bio- 
chemically distinct nitrite reductases catalyse 
the reduction of nitrite to ammonia. The 
NADH-dependent NirBD nitrite reductase 
reduces nitrite directly to ammonia in the 
cytoplasm of some bacteria (for example, 
Gram-negative enteric bacteria and Gram- 
positive bacteria such as Staphylococcus 
carnosus and Bacillus subtilis). The role of 
NirBD is to detoxify nitrite that is generated 
by NarG (the membrane-associated nitrate 
reductase) during anaerobic growth in the 
presence of nitrate concentrations that are 
much greater than those found in warm- 
blooded animals 32 . More widely distributed is 
the cytochrome c nitrite reductase Nrf, which 
catalyses the reduction of nitrite to ammonia 
in the periplasm of Gram-negative bacteria. 
This enzyme is the terminal component 
of an electron-transfer pathway in which 
electrons are transferred from physiological 
substrates, especially formate (hence the des- 
ignation Nrf, for nitrite reduction by for- 
mate). Nap, the periplasmic nitrate reductase, 
and Nrf, the periplasmic nitrite reductase, are 
coordinately regulated to provide a pathway 
for the reduction of nitrate to ammonia in 
the periplasm. 



It is rare for any single species to be able 
to catalyse both denitrification and nitrate 
reduction to ammonia. Although there 
are also few reports of the occurrence of 
both NirK and NirS in the same species, 
some enteric bacteria, such as E. coli and 
S. typhimurium, encode both the cytoplasmic 
nitrite reductase NirBD and the periplasmic 
nitrite reductase Nrf, and therefore have 
both a cytoplasmic pathway and a periplas- 
mic pathway for the reduction of nitrate via 
nitrite to ammonia (FIG. 3). High concentra- 
tions of nitrate induce expression of the 
cytoplasmic pathway, which is encoded by 
the narGHJI and nirBD operons, but repress 
the periplasmic pathway, which is encoded 
by the nap and nrf operons. At very low 
external concentrations of nitrate and 
nitrite, similar to the concentrations found 
in body fluids, it is the Nap-Nrf periplasmic 
pathway that is induced rather than the cyto- 
plasmic pathway. However, it is likely that 
the cytoplasmic NarG enzyme is responsible 
for the accumulation of nitrite from nitrate 
in the mouth. 

Chemostat competition experiments have 
established that the ability to reduce nitrate 
and nitrite in the periplasm confers a selec- 
tive advantage relative to a strain that is able 
to express only the cytoplasmic pathway 32 . 
Consequently, nitrate reduction in the peri- 
plasm of enteric bacteria is believed to be the 
physiologically significant pathway 33 . How 
the expression of the genes involved in these 
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Figure 2 | The biological nitrogen cycle. 

Bacteria have a dominant role in this cycle. Most 
commensal bacteria do not denitrify nitrate but 
catalyse a short-circuit in the nitrogen cycle — the 
rapid, anaerobic reduction of nitrate via nitrite to 
ammonia. The question mark indicates that the 
mechanism of NO generation from nitrite during 
nitrate reduction to ammonia is uncertain. 
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Figure 3 | Multiple pathways for nitrate and nitrite transport and reduction in Escherichia coli. 

E. coli lacks an assimilatory nitrate reductase, but contains two membrane-associated nitrate 
reductases, which are encoded by the narG and narZ operons. A periplasmic nitrate reductase, 
encoded by thenapFoperon, is also present. In the cytoplasm, the NADH -dependent NirBD nitrite 
reductase reduces nitrite directly to ammonia. In the periplasm, this reaction is carried out by the 
cytochrome c nitrite reductase, Nrf. 



different pathways is regulated has recently 
been reviewed 49 . Even bacteria that lack deni- 
trification pathways and are known to reduce 
nitrite directly to ammonia generate relatively 
high concentrations of NO (REE 54). The ques- 
tion mark in fig. 2 indicates the unproven 
possibility that this NO is produced by one of 
the enzymes that reduce nitrite to ammonia 
(NrfA or NirBD). Consistent with the pro- 
posal that NO is an enzyme-bound interme- 
diate in this mode of nitrite reduction, it is 
known that NrfA can reduce NO rapidly to 
ammonia 55 . 

Bacteria, nitrate and human disease 

Over the past 50 years inorganic nitrate has 
gained a bad reputation, primarily due to its 
proposed association with the development 
of cancer 11 and methaemoglobinaemia, which 
is a condition that mostly affects infants up 
to 12 months old and is caused by the oxida- 
tion, by nitrite or nitric oxide, of haemoglo- 
bin in red blood cells to an abnormal form 
known as methaemoglobin that cannot bind 
or transport oxygen 56 . As a consequence, reg- 
ulatory authorities have expended enormous 
efforts in trying to minimize environmental 
exposure to this anion. The proposed dele- 
terious effects of nitrate on human health 
are not primarily related to the nitrate ion 
itself. In fact, nitrate has a remarkably low 
toxicity. Instead, the concern about nitrate 
arises from its conversion to nitrite, a reac- 
tion that is catalysed by the bacterial enzymes 
described above. 



Gastric cancer. The metabolism of nitrate and 
nitrite can result in the formation of 
N-nitrosamines (BOX l), which are carcino- 
genic 57,58 . Individuals can also be exposed to 
preformed N-nitrosamines — for example, 
from the diet, in certain occupational settings, 
and through the use of tobacco products. The 
endogenous formation of N-nitroso com- 
pounds from nitrite in the stomach occurs in 
at least two ways (fig. 4; box 1). In an acidic 
stomach, nitrite forms nitrous acid (pKa 3.2), 
which is not only a nitrosating agent (NO + 
donor), but also spontaneously decomposes 
to a variety of nitrogen oxides, including the 
potent nitrosating agents N 2 0 and N 2 0 4 . 
In a situation in which gastric acidity is 
reduced — for example, by medication or 
disease — bacteria can colonize the stomach. 
Some of these bacteria can catalyse the for- 
mation of N-nitroso compounds from nitrite 
at neutral pH values. The exact mechanism 
for this is unknown, but it is believed to 
involve a bacterial nitrite reductase 59 , with 
excess production of NO or related products. 
NO itself is not a nitrosating agent 9,60 . 
However, in the presence of oxygen, NO is 
oxidized to NO^ that exists in equilibrium 
with N,0 3 and N.,0., which in turn react 

2 3 2 4' 

with secondary amines at neutral pH to form 
N-nitroso compounds 1 0,61 . 

Reducing human exposure to preformed 
N-nitrosamines and nitrate is one approach 
to the prevention of cancer, and in many 
instances this has been successful, although 
exposure to N-nitrosamines in tobacco 



products is still very high. However, despite 
efforts to minimize environmental exposure to 
nitrate, we still have to live with the nitrate that 
is produced endogenously from the 
L-arginine-NO pathway. In healthy people on a 
western diet, this constitutes as much as 50% 
of the total daily nitrate load. Although the car- 
cinogenic properties of N-nitroso compounds 
have been well established in cell cultures and 
animal experiments 13 , there is still no clear evi- 
dence for a link between nitrate intake and gas- 
tric cancer in humans. In fact, many studies 
show either no relationship or even an inverse 
relationship between a high intake of nitrate 
and the occurrence of gastric cancer 14 " 18 . The 
mechanism for such a protective effect is 
unknown, but it could be related to the high 
concentrat ions of vitamin C and other antioxi- 
dants that are foimd in nitrate-rich foods such 
as vegetables. It can also be speculated that gas- 
tric nitrogen oxides other than N-nitrosamines 
protect the gastric mucosa (see below) and 
inhibit the growth of H. pylori^ which has been 
implicated as a causative factor for the devel- 
opment of gastric cancer in humans 5 . 

Bladder cancer. Most dietary and endogenous 
nitrate is excreted in the urine. As urine is 
normally sterile, no further reduction to 
nitrite occurs. However, during urinary-tract 
infections, considerable amounts of nitrite 
can be formed by the invading bacteria. 

Infection with the parasite Schistosoma 
haematobium is an important risk factor for 
the development of cancer in the urinary 
bladder, and N-nitrosamines have been pro- 
posed to have a role in the pathogenesis of 
this cancer 62,63 . The proposed mechanism is 
that chronic infection with nitrate- reducing 
bacteria, which often occurs with the parasitic 
disease, increases the concentrations of uri- 
nary nitrite, thereby enhancing the generation 
of N-nitrosamines. An increased local rate of 
endogenous NO production during the 
chronic parasitic infection has also been sug- 
gested to promote nitrosamine formation in 
the bladder 64 . 

Generating RNIs from nitrite 

N-nitrosamines are not the only compounds 
that are formed in the body from bacterial- 
derived nitrite. In 1994, it was shown that large 
amounts of NO are generated in vivo from 
salivary nitrite in the acidic stomach 19,24 . When 
nitrite is acidified, several other RNIs are also 
generated, many of which have biological 
effects 26 . RNIs are also produced by iNOS, for 
example, in activated white blood cells, where 
they have an important role in primary host 
defence 28,33 . So, there are two parallel pathways 
for the generation of RNIs in mammals. 
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The chemistry of RNIs in biological sys- 
tems is very complex and not yet fully charac- 
terized 27 ' 65 ' 66 . RNIs include different oxidation 
states of nitrogenous compounds including 
NO', NO;, N 2 0 3 , N 2 0 4 , N0 2 ", S-nitrosothiols, 
ONOO and NO, . The chemical nature and 
reactivity of any RNI in a biological system is 
determined by ambient factors, including oxy- 
gen tension, pH, proximity to haem-contain- 
ing proteins, redox state and thiol concentra- 
tion. RNIs also interact with reactive oxygen 
intermediates (ROIs), which are produced in 
large quantities by activated mammalian 
phagocytes. The classical example of this is the 
generation of peroxynitrite (ONOO - ) from 
the reaction of NO with superoxide (0 2 ~) 67 . 
Some of the central reactions involving RNIs 
in biological systems are shown in box i . 

Antimicrobial effects of RNIs. At neutral pH 
values, nitrite has a limited effect on bacterial 
growth and can even function as an alterna- 
tive oxidant under hypoxic conditions (see 
above). However, with increasing acidity this 
anion shows potent antimicrobial activity 
against a wide variety of bacteria and fungi. At 
a low pH value, nitrite is protonated to 
nitrous acid (HN0 2 ), which further decom- 
poses to a variety of RNIs, many of which 
have antibacterial activity 26,68 (BOX l). 

The exact mechanism for the antibacterial 
effects of these nitrogen oxides is still not 
known, but multiple cellular targets are 
almost certainly involved 27 ' 68 ' 69 (table i ). DNA 
is one important target, and DNA damage 
can occur through oxidative damage, deami- 
nation, interaction with DNA-repair systems 
and several other alterations. Both cell-surface 
and intracellular proteins are also targets of 
RNI- induced bacterial damage. Interactions 
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Figure 4 1 The putative effects of nitrite in the stomach. Bacterial nitrate reductases (NaR) are shown 
in blue and nitrite reductases (NiR) in red. NOC, /V-nitroso compounds; RNIs, reactive nitrogen 
intermediates; SNC, thiocyanate; S-NO, S-nitrosothiols. 



with proteins involve reactive thiols, iron- 
sulphur clusters, haem groups, zinc-containing 
moieties, tyrosine residues, tyrosyl radicals 
and amines. 

The sensitivity to any particular nitrogen 
oxide differs profoundly between different 
microbial pathogens. For example, NO* is 
microbicidal for Mycobacterium tuberculosis 70 , 
but has low antimicrobial activity against 
E. coli 7[ ~ 73 . On the other hand, E. coli is 
sensitive to other nitrogen oxides, including 
S-nitrosothiols 74 and peroxynitrite 71 , whereas 
M. tuberculosis is not 75 . 



Susceptibility to the complex mixture of 
RNIs that is generated from acidified nitrite 
varies between different species. H. pylori 16 
and lactobacilli 77 seem to be the least sensi- 
tive of the bacteria that have been tested. In 
addition, Salmonella, Yersinia and Shigella 
species are more susceptible than E. coli 21 . 
Local environmental conditions, such as the 
oxygen concentrations, the growth medium 
and the presence of reducing agents (for 
example, ascorbic acid or thiocyanate), will 
also affect the antimicrobial effects of RNIs on 
a particular microorganism 26,68 . 



Table 1 | Proposed mechanisms and cellular targets for antimicrobial effects of reactive nitrogen intermediates (RNIs) 

Proposed RNI 



Targets 
DNA function 

Oxidative DNA 
Fi lamentation 



Thiol groups (for example, in glyceraldehyde-3-phosphate dehydrogenase, 
y-glutamylcysteinyl synthetase) 



Mechanism 

on) A/-nitrosylation 
S-nitrosylation 

S-nitrosylation, disulphide formation 



Iron/zinc-sulphur clusters (for example, in aconitase or DNA-binding proteins) 

Tyrosine residues (disruption of tyrosine phosphorylation, modification of 
protein function) 

Tyrosyl radicals (for example, in ribonucleotide reductase) 
Amines 

Cell wall integrity 

Lipids 

Surface thiols 



S-nitrosylation 
Nitration 

NO' radical interaction 
A/-nitrosylation 



Lipid peroxidation 

S-nitrosylation, disulphide formation 



N 2 0 3 , ONOO , NO/ 
S-NO 

S-NO, N 2 0 3 , NO- 
NO', S-NO 
NO*, ONOO" 
ONOO-, N0 0 " + H 2 0 2 



NO* 

N 2 0 3 ,N 2 0 4 

NO/, ONOO" 
S-NO, N 2 Q 3 , NO- 
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Table 2 | Examples of how pathogenic and commensal bacteria metabolize nitrite and its reactive derivatives 



Reactive nitrogen spe 
Escherichia coli 

Nitrite 

Nitric oxide 



Hydroxylamine 
Campylobacter jejuni 

Nitrite 

Nitric oxide 



NrfA 

NirBD 

HCP 

NrfA 
HMP 
HCP 

NorV-NorW; fiavorubredoxin 



NrfA 



NrfA 



Cgb 



Neisseria gonorrhoeae 

Nitrite 

Nitric oxide 



AniA 
NorB 

Cytochrome c' 
HMP homologue 



Nitrite reduction to ammonia 
Nitrite reduction to ammonia 
Unknown, but possible HN0 2 reductas 

Reduces NO to ammonia 
NO dioxygenase activity 
Possible NO reductase (?) 
Alternative NO reductase 

ynitrite to nitrite 

Reduces NhLOH to ammonia 



109 
110 
111 

55 

112,113 
Deduced from 1 1 1 
114 

80 



Reduces nitrite to ammonia (?) 
Reduces NO to ammonia, as in E. coli (?) 



Uncharacterized; identified from 
the genome database 

Uncharacterized; identified from 
the genome database 

Possibly detoxifies NO, mechanism unknown Uncharacterized; identified from 



115 



Reduces nitrite to NO 

Converts NO to N 2 0 

Binds NO at the outer membrane 

Reduces NO to N 2 0 (?) 



116 
117 

From incomplete genome 
database 

TI8__ 



HMP, bacterial haemoglobin-like protein; HCP, hybrid cluster protein, also known as the prismane protein. 



Bacterial protection against RNIs. Bacteria in 
the human body — like bacteria in any other 
natural environment — are exposed to chem- 
ical attack by reactive nitrogen (and oxygen) 
species. It is hardly surprising, therefore, that 
they have evolved a wide variety of mecha- 
nisms to respond to environmental stress. 
Protection against ROIs has been studied 
extensively and hundreds of gene products 
are involved 27 . Despite the obvious implica- 
tions for human health, it is only recently that 
the biochemical mechanisms of resistance to 
RNIs have been studied, and the current pic- 
ture is incomplete. That NO is toxic to bacte- 
ria — and also an obligate intermediate in 
denitrification — was conclusively established 
by demonstrating that a mutation in the NO 
reductase gene was lethal to Pseudomonas 
stutzeri during anaerobic growth in the 
presence of nitrate or nitrite 78 . 

Some of the defence systems seem to 
overlap between ROIs and RNIs, but there 
are also specific pathways for the detoxifica- 
tion of RNIs. These include indirect pathways 
such as inhibition of uptake or production 
of RNIs, repair of RNI-dependent damage 
and scavenging and detoxification of RNIs 
and related products 27,68 . The best character- 
ized are the bacterial nitrite and NO reduc- 
tases, but the importance of NO to human 
physiology has attracted studies of other 
mechanisms of NO management. Some 
examples are listed in table 2. There are a few 



reports of the identification of bacterial per- 
oxynitrite and hydroxylamine reductases 79,80 , 
but much less is known about the mecha- 
nisms by which bacteria detoxify other RNIs. 
It is also apparent that multiple physiological 
roles have been assigned to individual proteins. 
Although the roles of the various proteins 
from E. coli are, with notable exceptions, mod- 
erately well defined, few experimental data are 
available for the corresponding proteins from 
most other bacteria. 

Beneficial effects of acidified nitrite 

Killing ingested pathogens. Each day we pro- 
duce approximately one litre of saliva, which 
continually flows into the acidic stomach. The 
levels of NO and other RNIs in the stomach 
will depend on the nitrite concentration in the 
saliva. The baseline concentration of NO in the 
stomach headspace gas is approximately 20 
parts per million (ppm) 42 . When consuming a 
nitrate-free diet, the concentration of nitrite in 
saliva, even when acidified, is probably not suf- 
ficient to kill known enteric pathogens such as 
E. coli> Salmonella enterica serovar Typhi and 
Salmonella enterica serovar Enteritidis 19,22 . 
Following a meal containing high nitrate con- 
centrations (for example, a portion of lettuce), 
the levels of nitrate and nitrite in saliva increase 
markedly, resulting in an increase in stomach 
NO concentrations to >400 ppm 42 . Most 
enteric pathogens are killed within 1 hour 
under these conditions in vitro (fig. 5), even if 



the acid is buffered to pH 3 (REE 8 1 ). This indi- 
cates an important role for dietary nitrate in 
protection against ingested pathogens. 

Gastric mucosal integrity. Experimental ani- 
mal studies 82 as well as clinical studies in 
humans 83,84 clearly indicate that NO has an 
important protective role in the stomach, 
probably by improving gastric mucosal blood 
flow. The concentrations of NO in the stom- 
ach lumen (2CM00 ppm) are several orders of 
magnitude higher than those that are required 
for vasodilation 85 . As NO is known to easily 
travel across biological membranes and as 
NO-donating drugs are gastroprotective, it has 
been proposed that nitrite-derived NO, acting 
from the luminal side, could be involved in the 
regulation of gastric mucosal blood flow 
(FIG. 4). Several recent studies from different 
laboratories support this idea, Bjorne and col- 
leagues studied gastric mucosal blood flow 
and mucus secretion in a rat in vivo model 
after local application of human saliva to the 
gastric mucosa 20 . Mucosal blood flow and 
mucus secretion were increased after luminal 
application of nitrite-rich saliva, whereas saliva 
from a fasting individual had no effect. These 
effects were associated with the generation 
of NO and S~nitrosothiols. In addition, pre- 
treatment with an inhibitor of guanylyl cyclase 
markedly inhibited nitrite-mediated effects on 
blood flow. This indicates that the observed 
effects were mediated by NO. 
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Several other recent animal studies indi- 
cate that dietary nitrate has gastroprotective 
activity through the generation of NO in the 
stomach 86-88 . Miyoshi et al. examined the 
effects of oral nitrate supplementation on 
stress-induced gastric injury in rats 86 . Pre- 
treatment with inorganic nitrate was strongly 
protective and the effects were paralleled by 
intragastric generation of NO. Interestingly, 
NO generation and the protective effects of 
dietary nitrate were abolished when the oral 
microflora was removed by topical antibiotic 
treatment before the experiment. 

Taken together, these studies clearly indi- 
cate that dietary nitrate has important gas- 
troprotective effects. The crucial step in 
the bioactivation of inorganic nitrate is the 
reduction to nitrite, which is carried out by 
the oral microflora. 

Oral cavity. As well as acidification of salivary 
nitrite once it has been swallowed into the 
stomach, acidification can also occur in the 
oral cavity itself, which results in the local gen- 
eration of NO and other RNIs 21 ' 89 . Cariogenic 
bacteria such as Streptococcus mutans and lac- 
tobacilli cause dental damage by converting 
sugars into organic acids. It has now been 
shown that these microorganisms are suscepti- 
ble to nitrite and will self-destruct' if allowed to 
produce acid in a nitrite-rich environment 90 . 
This might explain some of the protective 
effects of normal saliva against dental caries. 

Skin. Normal human skin continually releases 
NO. Although this could result from NOS 
that is present in dermal vascular endothelial 
cells, Weller et al showed that complete inhi- 
bition of this enzyme with l-NMM A (a NOS 
inhibitor) had no effect on the production of 
NO by the skin 91 . This evidence, together with 
the observation that antibiotic therapy 
decreases skin NO formation and applied 
nitrite enhances NO formation, led to the 
proposal 91 that commensal bacteria are pro- 
ducing NO by the reduction of sweat nitrate 
to nitrite and its subsequent conversion to 
NO by the acidic environment (pH 5.5) on 
healthy skin. Skin commensal bacteria such as 
coagulase- negative staphylococci commonly 
express a nitrate reductase enzyme (M. Wilks, 
personal communication). The amount of 
NO and other nitrogen oxides is clearly not 
sufficient to kill normal skin commensals, but 
might be useful in suppressing the growth of 
fungal pathogens, which are more likely to 
cause disease in this organ 92 . 

Urine. Most plasma nitrate is eventually 
excreted in the urine, as discussed above. As 
urine is sterile, the concentrations of nitrite 



are usually very low; however, during a lower- 
urinary- tract infection bacteria can produce 
nitrite from the surplus nitrate source. In 
fact, a urinary test-strip for nitrite is routinely 
used in the clinic to detect urinary-tract 
infections. Because the pH of infected urine 
is usually quite high (values of about 6-8), 
there is normally no further reduction to NO 
and other RNIs. However, if the pH value of 
nitrite-containing urine is decreased, large 
amounts of RNIs are formed. As described 
above, these nitrogen oxides are bactericidal 
for several microorganisms. The antibacterial 
effects of nitrite in urine have been studied in 
vitro 25,93 . All urinary pathogens that have 
been tested are sensitive to acidified nitrite, 
including E. coli, Pseudomonas aeruginosa 
and Staphylococcus saprophytics, and the 
addition of ascorbic acid to urine further 
enhances the antibacterial effects 93 . The 
effects of nitrite are seen when the pH value 
of urine is decreased to 5.5 or below, which 
can be achieved by the ingestion of vitamin C 
or other acidifying agents 93 . Interestingly, 
acidification of urine is used in traditional 
folk medicine for the treatment and preven- 
tion of urinary-tract infections, although the 
mechanism of action is poorly understood 93 . 
It has been proposed that the generation of 
bactericidal nitrogen oxides in acidified urine 
contributes to these beneficial effects 93,94 . 

Nitrite reduction to NO in the systemic circula- 
tion. The generation of NO from nitrite occurs 
spontaneously in highly acidic or reducing 
environments, as we have discussed. Interest- 
ingly, such non-enzymatic generation of NO 
can also occur systemically. In ischaemic tis- 
sues in which the pH value is decreased, NO 
is formed from nitrite by similar mecha- 
nisms 26,95,96 . In addition, recent research indi- 
cates that nitrite can be converted to NO by 
several other pathways, which involve mam- 
malian enzymes or proteins 34,97-104 (table 3). It 
has now been shown that physiological con- 
centrations of nitrite can dilate blood vessels 
through conversion to NO 96,99 . With this new 
knowledge, nitrite might be considered an 
important vascular storage pool of NO. 
Interestingly, it was recently found that the lev- 
els of nitrite in plasma increase 4-5- fold after 
ingestion of inorganic nitrate 105 . This increase 
was abolished if the test subject avoided swal- 
lowing after the nitrate intake, thereby illus- 
trating its salivary origin. By extrapolation, 
this could in fact indicate that the commensal 
oral flora contributes not only to the local 
regulation of gastric function, as discussed 
above, but also to systemic NO-mediated 
effects, such as the regulation of vascular tone, 
platelet function 106 and leukocyte adhesion. 
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□ Bactericidal □ Growth continues 

Figure 5 | The antibacterial effects of salivary 
nitrite in gastric juice. The graph shows the 
minimum bactericidal concentration for 30 min 
and 2 h and the minimum inhibitory concentration 
(MIC), all in ^mol ml -1 , for Salmonella enterica 
serovar Enteritidis exposed to varying 
concentrations of acid and nitrite. At typical 
stomach pH values, increasing the nitrite 
concentration from a low normal salivary 
concentration to a high normal value renders the 
acidified nitrite mix bactericidal rather than 
bacteriostatic. Data taken from REF.22. 



Final speculation and future directions 

Nitrate in plasma and tissues represents a sta- 
ble, inert end product of endogenous and 
exogenous nitrogen oxides and cannot be 
further metabolized by mammalian cells. 
However, as we have described, commensal 
bacteria can help to 'reactivate' this nitrate by 
reducing it to the more reactive nitrite. Nitrite 
can then form various biologically active com- 
pounds, including not only potentially harm- 
ful N-nitrosamines, but also other nitrogen 
oxides that have possible protective effects. 

The newly discovered beneficial effects of 
nitrite could potentially have therapeutic 
implications — for example, to selectively 
increase the blood flow in ischaemic tissues or 
to stimulate mucosal blood flow locally, for 
example, in the stomach. Indeed, the genera- 
tion of NO from nitrite is automatically 
enhanced in acidic or reducing environments. 
Another possible development is to use acidi- 
fied nitrite as an antimicrobial agent — RNIs 
generated locally, for example, in the stomach, 
oral cavity, urine 94 or on the skin 107 , could be 
used to treat or prevent infections. Naturally, 
any beneficial effects of using nitrite or related 
compounds therapeutically must be verified 
in controlled clinical studies. 

Finally, as described here, it is now clear 
that there are two pathways for the genera- 
tion of NO and other RNIs in mammals: 
the NOS-dependent pathway in phagocytes 
and other cells and the newly described 
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Bacterial reduction of salivary nitrate 



Table 3 | Proposed pathways for the generation of NO from nitrite in mammals 

Location 

Acidic reduction* 

Stomach 

Oral cavity Bacterial reduction of salivary nitrate 



Beneficial — host defence, mucosal protection 
Harmful —carcinogenesis 



Bacterial reduction of sweat nitrate 
Bacterial reduction of urinary nitrate 



Skin 

Lower urinary tract 
Ischaemic tissue 
Deoxyhaemoglobin 

Blood Oxidized NO 

Xanthine oxidoreductase 

Ischaemic tissue Oxidized NO 

Milk Reduction of nitrate in milk 

Cytochrome P450 

Hepatocytes, smooth muscle cells Oxidized NO, organic nitrates 
Mitochondrial cytochromes 

Hepatocytes, other cells Oxidized NO, organic nitrates 

Bacterial nitrite reductases 

Gastrointestinal tract Nitrate reductase 



Host defence against peridontal and cariogenic 
bacteria 

Host defence against skin pathogens 
Host defence 

perfus 



Vasodilation 

Vasodilation 
Host defence 

Final step in NO generation from organic nitrates 
Final step in NO generation from organic nitrates 
Anti- inflammatory activity? 



19-21,24,119 

90,120 

107,121 
93,94,122 
95,96 

97-99 



103 
98,104 
98,104 
54,123 



*With the exception of NO, a variety of different reactive nitrogen intermediates are generated from acidified nitrite (see text and BOX l for details). 



NOS-independent pathway involving the 
reduction of nitrite. Although not yet studied 
specifically, it is possible that these pathways 
interact in vivo. One such interaction can 
occur in phagocytic cells. The phagosomes of 
macrophages are very acidic (pH <5)> a situa- 
tion in which nitrite is rapidly converted to 
toxic RNIs 26,108 . Interestingly, cellular oxygen 
concentrations affect the two systems differ- 
ently. Although hypoxia and acidosis inhibit 
NO generation from iNOS (molecular oxy- 
gen is a co-substrate), these conditions greatly 
enhance the production of RNIs from nitrite. 
So, the reduction of nitrite by acidification or 
by other pathways could be a back-up system 
for the NOS-driven generation of RNIs when 
conditions for NO production by iNOS are 
unfavourable. The same could be true for the 
low-grade generation of NO by constitutive 
enzymes in blood vessels. When the oxygen 
supply is insufficient for the NOS to operate 
(for example, during ischaemia), the nitrite- 
derived NO pathway automatically takes over. 

In mammals, the generation of NO by NOS 
and its biological significance has been studied 
intensely over the past two decades. The NOS- 
independent generation of NO from nitrite is 
much less well characterized and we have prob- 
ably only witnessed the start of this fascinating 
new field. As we have described, bacteria have a 
pivotal role in this pathway. With the recent 
identification of potentially important physio- 
logical effects of nitrite, the current view of the 
nitrate-reducing commensals as being only 
harmn.il might have to be reconsidered. 
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The nitrate-nitrite-nitric oxide 
pathway in physiology and therapeutics 

Jon O. Lundberg*, Eddie Weitzberg* and Mark T. Gladwin^ 

Abstract | The inorganic anions nitrate (NO B ~) and nitrite (N0 2 ~) were previously thought 
to be inert end products of endogenous nitric oxide (NO) metabolism. However, recent 
studies show that these supposedly inert anions can be recycled in vivo to form NO, 
representing an important alternative source of NO to the classical L-arginine-NO-synthase 
pathway, in particular in hypoxic states. This Review discusses the emerging important 
biological functions of the nitrate-nitrite-NO pathway, and highlights studies that implicate 
the therapeutic potential of nitrate and nitrite in conditions such as myocardial infarction, 
stroke, systemic and pulmonary hypertension, and gastric ulceration. 

physiological hypoxic signalling, vasodilation, modula- 
tion of cellular respiration and the cellular response to 
ischaemic stress 6,11 - 21 " 26 . 

Here, we review the metabolism and biological roles 
of NO within the body, and discuss the potential thera- 
peutic use of nitrate or nitrite to treat various disorders, 
including those associated with vasoconstriction or 
ischaemia-reperfusion, as well as gastric ulcers. 

NOS-independent NO generation 

The NOS enzymes utilize L-arginine and molecular 
oxygen to produce the free-radical gas "NO, a critical 
regulator of vascular homeostasis, neurotransmission 
and host defence 27,28 . NO is an autocrine and paracrine 
signalling molecule whose lifetime and diffusion 
gradients are limited by scavenging reactions involving 
haemoglobin, myoglobin and other radicals. However, 
as discussed here, NO can be stabilized in the blood and 
tissue by oxidation to nitrate and nitrite, which can be 
considered as endocrine molecules that are transported 
in the blood, accumulate in tissue and have the poten- 
tial to be converted back to NO under physiological and 
pathological conditions. 

Interestingly, the L-arginine-NOS pathway is oxygen 
dependent, whereas the nitrate-nitrite-NO pathway is 
gradually activated as oxygen tensions falls. In this sense, 
NOS-independent NO formation (FIG. 1 ) can be viewed 
as a back-up system to ensure that there is sufficient NO 
formation when oxygen supply is limited, which is analo- 
gous to the complementary role of anaerobic glycolysis 
in energetics. The exact oxygen tension at which NOS- 
dependent NO generation fails to signal is unknown, 
in part owing to uncertainties about the in vivo K m of 
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Xanthine oxidoreductase 

An enzyme involved in purine 
metabolism that catalyses 
the oxidation of hypoxanthine 
to xanthine and the further 
oxidation of xanthine to 
uric acid. 
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Nitrite (N0 2 ~) and nitrate (N0 3 ~) are known predomi- 
nantly as undesired residues in the food chain with 
potentially carcinogenic effects 1,2 , or as inert oxidative 
end products of endogenous nitric oxide (NO) metabo- 
lism. However, from research performed over the past 
decade, it is now apparent that nitrate and nitrite are 
physiologically recycled in blood and tissues to form 
NO and other bioactive nitrogen oxides 3 6 . Therefore, 
they should now be viewed as storage pools for NO-like 
bioactivity, thereby complementing the NO synthase 
(NOS)-dependent pathway. The recognition of this 
mammalian nitrogen cycle has led researchers to explore 
the role of nitrate and nitrite in physiological processes 
that are known to be regulated by NO. 

The bioactivation of nitrate from dietary or endog- 
enous sources requires its initial reduction to nitrite, 
and because mammals lack specific and effective nitrate 
reductase enzymes, this conversion is mainly carried 
out by commensal bacteria in the gastrointestinal tract 
and on body surfaces 7,8 . Nitrite is unique to the nitrogen 
oxides in its redox position between oxidative (NO, 
radical) and reductive (NO radical) signalling and its 
relative stability in blood and tissue 9 . Once nitrite is 
formed, there are numerous pathways in the body for 
its further reduction to NO, involving haemoglobin 6,10 , 
myoglobin 11,12 , xanthine oxidoreductase 13 " 15 , ascorbate 16 , 
polyphenols 17,18 and protons 3,4 (BOX 1 ). The generation 
of NO by these pathways is greatly enhanced during 
hypoxia and acidosis, thereby ensuring NO production 
in situations for which the oxygen-dependent NOS 
enzyme activities are compromised 19,20 . Nitrite reduc- 
tion to NO and NO-modified proteins during physio- 
logical and pathological hypoxia appear to contribute to 
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Box 1 1 The biological chemistry of some reactions involving nitrite 

Nitrite (NO z ~) is formed in the body via the oxidation of nitric oxide (NO) or through the 
reduction of nitrate (N0 3 ~).The non-enzymatic reaction of NO with oxygen in tissues 
is relatively slow, whereas its oxidation by the multicopper oxidase ceruloplasmin 
in plasma is rapid. Commensal bacteria in the oral cavity and gastrointestinal tract 
contribute to nitrite formation via a one-electron reduction of nitrate. 

Reduction of nitrite to NO occurs in blood and tissues and proceeds through several 
enzymatic and non-enzymatic pathways, some of which are listed below. The acidic 
reduction of nitrite results in the generation of NO but also other nitrogen oxides, with 
nitrosating (N 2 0 3 ) and nitrating (nitrogen dioxide, *NO ? ) properties. In the presence of 
ascorbic acid or polyphenols, the acidic reduction of nitrite is greatly enhanced with 
less generation of N 2 0 3 and *N0 2 * Oxidation of nitrite occurs in the red blood cell and 
results in the formation of nitrate and methaemoglobin (Met-Hb). 

Nitrite formation 

Auto -oxidation of NO 

4 'NO + 0 2 + 2 H 2 0 -> 4N0 2 " + 4 H + 

Ceruloplasmin 

•NO + Cu z+ ^NO + +Cu + 
NO + + H 2 Oh>HN0 2 + H + 
HN0 2 <h>H + + N0 2 - 

Bacterial nitrate reductase 

N0 3 - + e- + H + ->N0 2 - + H 2 0 

Nitrite reduction 

Deoxyhaemoglobin/ 'myoglobin 
N0 2 " + Fe 2+ + H + ^*NO + Fe 3f + OH" 

Xanthine oxidoreductase 

N0 2 " + Mo 4+ + H 4 -> 'NO + Mo 5+ + OtT 

Protons 

N0 2 - + H + ->HN0 2 
2HN0 2 -»2N 2 0 3 + H 2 O 
N 2 0 3 ^'NO + 'N0 2 

Ascorbate 

NO; + H + ^HN0 2 

2 HN0 2 + Asc -> 2 'NO + dehydroAsc + 2 H 2 0 

Polyphenols (Ph-OH) 

N0 2 +H ( ^HN0 2 

Ph-OH + HN0 2 -> Ph-'0 + *NO + H 2 0 

Nitrite oxidation 

Haemoglobin 



Autocrine 

A form of hormonal signalling 
in which a cell secretes a 
chemical messenger that binds 
to receptors on the same cell, 
leading to changes in the cell. 

Paracrine 

A form of cell signalling in 
which the target cell is close to 
(para = alongside of or next to) 
the signal-releasing cell. 

Endocrine 

A form of cell signalling in 
which chemical mediators are 
released directly into local 
blood vessels and travel to 
distant organs to regulate the 
target organ's function. 



the NOS enzymes for oxygen and the fact that the rate 
of NO oxidative metabolism is reduced at low oxygen. 
However, it is clear that at very low oxygen tensions NO 
generation in tissues is independent of NOS activity 
and dependent on nitrite 5,22,26 . This principle has driven 
hypotheses that nitrite participates in hypoxic vasodilation 
and in the regulation of oxygen consumption at the 
mitochondrial level. It also predicts a role for nitrite in 
cytoprotective signalling in the setting of pathological 
ischaemia and reperfusion. 

Sources of nitrate and nitrite 

There are two major sources of nitrate and nitrite in 
the body: the endogenous L-arginine-NO synthase 
pathway and the diet. NO, generated by NOS enzymes, 
is oxidized in the blood and tissues to form nitrate and 
nitrite 27 . The reaction of NO with oxyhaemoglobin 
produces nitrate and methaemoglobin 27 , whereas the 
oxidation of NO forms nitrite, a process that is catalysed 



in plasma by the multi-copper oxidase and NO oxidase 
cer u l oplasmin 29 . In NOS knockout mice, the circulating 
nitrite levels are reduced by up to 70% 30 , and nitrite 
levels are also lower in mice and humans lacking cerulo- 
plasmin 29 . Normal plasma levels of nitrate are in the 
20-40 \iM range, while nitrite levels are substantially 
lower (50-300 nM) 8 * 25,31,32 . Regular exercise increases 
endothelial NOS (eNOS) expression and activity 33 , 
which results in higher circulating levels of nitrate 33-35 . 
In systemic inflammatory disorders such as sepsis and 
severe gastroenteritis, nitrate and nitrite levels are greatly 
increased owing to massive inducible NOS (iNOS) 
induction 27,36 . By contrast, in diseases with endothelial 
dysfunction and reduced eNOS activity, plasma levels 
of nitrate and nitrite are often low 37 . 

Dietary nitrate intake is considerable and many 
vegetables are particularly rich in this anion 38 . For example, 
a plate of green leafy vegetables such as lettuce or spinach 
contains more nitrate 38 than is formed endogenously over 
a day by all three NOS isoforms combined 39 . Drinking 
water can also contain considerable amounts of nitrate, 
although in many countries the levels are strictly regu- 
lated. Nitrite can be found in some food stuffs, most 
notably as a preservative in cured meat and bacon. 

The entero-salivary circulation of nitrate 

In 1994, two groups independently described intragas- 
tric NO generation from salivary nitrite in humans 3,4 . 
This process does not require NOS activity, but instead 
involves the entero-salivary circulation of inorganic 
nitrate (FIG. 2). Dietary nitrate is rapidly absorbed in the 
upper gastrointestinal tract. In the blood, it mixes with 
the nitrate formed from the oxidation of endogenous NO 
produced from the NOS enzymes. After a meal rich in 
nitrate, the levels in plasma increase greatly and remain 
high for a prolonged period of time (plasma half-life of 
nitrate is 5-6 hours). The nitrite levels in plasma also 
increase after nitrate ingestion 8 . Although much of the 
nitrate is eventually excreted in the urine, up to 25% is 
actively taken up by the salivary glands and is concen- 
trated up to 20-fold in saliva 8,40 . 

Once in the oral cavity, commensal facultative anaerobic 
bacteria use nitrate as an alternative electron acceptor to 
oxygen during respiration, effectively reducing salivary 
nitrate to nitrite by the action of nitrate reductases 7,38 . 
Human nitrate reduction requires the presence of these 
bacteria — suggesting a functional symbiosis relation- 
ship — as mammalian cells cannot effectively metabo- 
lize this anion. The salivary nitrate levels can approach 
10 mM and nitrite levels 1-2 mM after a dietary nitrate 
load 8 . When saliva enters the acidic stomach (1-1.5 1 
per day), much of the nitrite is rapidly protonated to 
form nitrous acid (HN0 2 ; pKa -3.3), which decom- 
poses further to form NO and other nitrogen oxides 3,4 . 
Nitrite reduction to NO is greatly enhanced by reducing 
compounds such as vitamin C and polyphenols, both 
of which are abundant in the diet 1718,11 . The importance 
of oral bacteria in gastric NO generation is perhaps 
most clearly illustrated in experiments using germ-free 
sterile rats, in which gastric NO formation is negligible 
even after a dietary load of nitrate 42 . In addition to the 
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Hypoxic vasodilation 

A physiological phenomenon 
in which blood vessels dilate in 
response to low oxygen levels. 



stomach, a reductive pathway from nitrate to nitrite and 
then NO has also been demonstrated in the oral cavity 7 , 
on the skin surface 43 in the lower gastrointestinal tract 44 
and in urine 45 . 

While the scientific community had focused on the 
potentially harmful effects of nitrate and nitrite 1 , the 
well-known antibacterial effects of NO 46-49 suggested a 
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Putting under the tongue to 
cause heart qi to flow freely 

For treating symptoms such as 
struck by evil, acute heart 
pains and cold in the hands 
and feet which can kill a 
patient in an instant. 

Look at the patient's fingers 
and those with greenish-black 
nails are such cases. 

Take potassium nitrate 
(5 measures of a bi spoon) and 
arsenic sulphide (1 measure 
of a bi spoon) and combine 
the two into a fine powder. 
Lift the patient's tongue and 
sprinkle 1 measure of a bi 
spoon under the tongue. 
If saliva is produced have 
the patient swallow it. 
This is a sure cure. 



L-Arginine 



NO 



Normoxia 




NOS- 


i / 


dependent 


• 


pathway 




Oxidation 


» 




* 




Hypoxia 



NOS- 

independent 
pathway 



Reduction 



NO 



NOf/NOf 



Figure 1 | The nitrate-nitrite-NO pathway, a | A medical recipe from Dunhuang. 
The nitrate-nitrite-nitric oxide (NO) pathway has been harnessed therapeutically since 
the medieval times as evidenced by a translation of medieval Buddhist manuscripts, 
which was discovered in a Buddhist grotto near the town of Dunhuang by a Daoist monk 
(Abbot Wang) at the beginning of the twentieth century after being hidden for 900 years. 
This was brought to our attention and translated by Anthony Butler, Zhou Wuzong and 
John Moffett. It illustrates the early appreciation of the effect of nitrate, readily available 
for meat-curing and gunpowder and reduced to nitrite in saliva, on cardiovascular 
conditions (angina and digital ischaemia). The text is written vertically beginning on the 
right and progressing leftwards. The term qi refers to a 'fluid' that, in a healthy person, 
flows harmoniously around the body. Its flow is disrupted during sickness. A bi spoon was 
a ceremonial spoon used in medicine. Chinese physicians often added realgar to a recipe 
as its colour is that of healthy blood. It would have had no effect because of its low 
solubility, b | Two parallel pathways for the generation of bioactive NO in mammals. NO is 
a key signalling molecule that serves to regulate a wide range of physiological functions. 
It is classically produced from L-arginine and oxygen by a family of enzymes, the NO 
synthases (NOSs). More recently, a fundamentally different mechanism for the 
generation of NO in mammals has been described. In this pathway, the inorganic anions 
nitrate and nitrite are reduced to form bioactive NO in blood and tissues during 
physiological hypoxia. Although NO generation by NOS becomes limited as oxygen 
levels fall, the nitrate-nitrite-NO pathway is enhanced. By the parallel action of both of 
these pathways, sufficient NO generation is ensured along the physiological and 
pathological oxygen and proton gradients. 



role for gastric NO in host defence 3,4 (FIG. 3). Interestingly, 
enteropathogens can survive for a surprisingly long time 
in acid alone, but the combination of acid and nitrite 
results in effective killing 3,50,51 . NO and other reactive 
nitrogen oxides formed from acidified nitrite act on 
multiple bacterial targets including DNA, proteins and 
components of the cell wall 38,47 . 

Another proposed physiological role for gastric NO 
is in the regulation of mucosal blood flow and mucus 
generation. Recent studies using the rat gastric mucosa 
as an in vivo bioassay tested the effects of human 
saliva on these two important determinants of gastric 
integrity. When the rat gastric mucosa was exposed 
to human nitrite-rich saliva, NO gas was immediately 
generated and both mucosal blood flow and mucus 
thickness increased in a cyclic GMP-dependent manner 52 . 
Furthermore, nitrate addition to drinking water for 
1 week produces similar effects 53 . During the nitrate 
treatment, nitrite accumulates in the gastric mucus and 
when this mucus is removed, the blood flow immedi- 
ately returns to basal levels, indicating a continuous slow 
release of 'NO-like bioactivity from nitrite trapped in the 
mucus 53 . A role for salivary nitrite in regulating gastric 
gastrin release has also been suggested 54 . 

Vasodilatory effects of nitrite 

Although the vasodilatory properties of pharmacological 
doses of exogenous nitrite have been known for more 
than half a century 55 ' 57 , a physiological role of this anion 
in vasoregulation has been dismissed, even in more recent 
studies 58 . However, artery-to-vein gradients in nitrite 
across the human forearm, with increased consumption 
during exercise stress, suggests that nitrite is metabo- 
lized across the peripheral circulation 25 . Furthermore, 
humans breathing NO gas exhibit increases in peripheral 
forearm blood flow that is associated with increases in 
plasma nitrite 59 , suggesting that nitrite could be a stable 
endocrine carrier and transducer of NO-like bioactivity 
within the circulation 60 . Consistent with a potentially 
greater efficacy under hypoxic or metabolic stress, the 
potency of nitrite increases dramatically with decreases 
in buffer pH in aortic ring experiments 24 . This hypothesis 
was tested by infusion of sodium nitrite into the fore- 
arm brachial artery of healthy volunteers, which was 
surprisingly potent, increasing blood flow even at blood 
concentrations below 1 uM and producing substantial 
vasodilation 6 . More recent dose- response experiments in 
normal human volunteers reveal significant vasodilation 
of the forearm circulation already at concentrations as 
low as 300 nM 61 and a significant decrease in blood pres- 
sure after nitrate ingestion, associated with an increase in 
plasma nitrite levels from 140-220 nM 62 . 

Pathways for systemic nitrite reduction 

Haemoglobin as an allosterically regulated nitrite 
reductase. The ability of nitrite to vasodilate the cir- 
culation in the presence of NO-scavenging red blood 
cells under physiological conditions is unexpected and 
suggests new pathways to intravascular bioactivation. 
During infusion of nitrite into the human forearm 
circulation, the vasodilatory effects are associated with 
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Nitrate and some 
nitrite from food 




An active uptake of nitrate 
from the blood occurs in 
the salivary glands 





Bacteria in the 
oral cavity reduce 
teto 




Nitrate and nitrite 
in blood originate from 
the food and from 
systemic NO production 



In the gastric acidic 
milieu, a non-enzymatic 
reduction of nitrite to 
NO occurs 




Nitrate and remaining nitrite 
is absorbed in the intestine 




Figure 2 | The entero-salivary circulation of nitrate in humans* Ingested inorganic 
nitrate from dietary sources is rapidly absorbed in the small intestine. Although much of 
the circulating nitrate is eventually excreted in the urine, up to 25% is actively extracted 
by the salivary glands and concentrated in saliva. In the mouth, commensal facultative 
anaerobic bacteria effectively reduce nitrate to nitrite by the action of nitrate reductase 
enzymes. Nitrate reduction to nitrite requires the presence of these bacteria, 
as mammalian cells cannot effectively metabolize this anion. In the acidic stomach, 
nitrite is spontaneously decomposed to form nitric oxide (NO) and other bioactive 
nitrogen oxides, which regulate important physiological functions. Nitrate and 
remaining nitrite is absorbed from the intestine into the circulation and can convert 
to bioactive NO in blood and tissues under physiological hypoxia. 



Methaemoglobin 

A form of the oxygen-carrying 
protein haemoglobin in which 
the iron in the haem group 
is in the Fe 5+ state, not the 
Fe 2+ of normal haemoglobin. 
Methaemoglobin is unable to 
carry oxygen. 

Facultative anaerobic 
bacteria 

A bacterium, that makes 
ATP by aerobic respiration 
if oxygen is present but is 
also capable of switching to 
anaerobic respiration. 

Electron acceptor 

A chemical entity that accepts 
electrons transferred to it from 
another compound. It is an 
oxidizing agent that, by virtue 
of it accepting electrons, is 
itself reduced in the process. 



the formation of NO in the blood, as measured by the 
rate of formation of iron-nitrosylated haemoglobin (NO 
bound to the haem of haemoglobin) during artery to 
vein transit 6 . This rate of NO formation increases as 
haemoglobin oxygen saturation decreases, suggesting a 
hypoxia-regulated mechanism of nitrite bioactivation. 

These physiological findings are consistent with 
a nitrite reductase activity of deoxyhaemoglobin as 
described by Brooks in 1947 and Doyle and colleagues 
in 1981 (REFS 63,64). According to this chemistry, nitrite 
reacts with ferrous deoxyhemoglobin (HbFe 2+ ) and 
a proton (H + ) to generate NO and methaemoglobin 
(HbFe 3+ ), which is analogous to the coupled proton and 
electron -transfer reactions of bacterial nitrite reductases. 
The NO can then bind to a second deoxyhaemoglobin 
to form iron-nitrosyl-haemoglobin (HbFe 2+ -NO) as 
outlined in equations 1 and 2. 

Nitrite (N0 2 ") + deoxyhaemoglobin (Fe 2+ ) + H + -> 
NO + methaemoglobin (Fe 3+ ) + OH" ( 1 ) 

NO + deoxyhaemoglobin (Fe 2+ ) -> HbFe 2+ -NO (2) 



This simple reaction has physiological implications 
in that it uses naturally occurring nitrite as a substrate, 
requires deoxygenation of haemoglobin so it has hypoxic 
sensor properties, requires a proton so it has pH sensor 
properties, and generates NO, the most potent vasodila- 
tor known. These chemical properties, and supporting 
physiological studies, suggest that haemoglobin may 
function as an allosterically regulated nitrite reductase 
that may contribute to hypoxic signalling and hypoxic 
vasodilation 6 ' 10,65,66 (FIG. 3). The chemistry of this reac- 
tion, mechanisms of NO export from the red blood cell 
and physiological contribution to hypoxic blood flow 
regulation are the subjects of active research (FIG. 4). 
Interestingly, recent studies suggest that NO formed 
from nitrite reduction (equation 1) can react with a sec- 
ond nitrite that is bound to methaemoglobin (HbFe 3+ ) 67 . 
Remarkably, when nitrite binds to methaemoglobin, 
it forms a nitrogen dioxide radical ('N0 2 ) character 
(HbFe 3+ -N0 2 forms HbFe 2+ -'N0 2 ), which reacts with 
NO in a radical-radical reaction to form N 2 O r N 2 0 3 is 
more stable in a haem- rich environment than NO and 
has the potential to escape from the red blood cell. The 
overall stoichiometry of the reaction of equation 1 and 
the second reaction of NO with nitrite-methaemoglobin 
is shown in equation 3. Note that in this reaction haemo- 
globin is catalytic and redox cycles convert two molecules 
of nitrite into N 2 O v 

2 N0 2 " + deoxyhemoglobin (Fe 2+ ) + H f ^ N 2 0 3 + 
deoxyhaemoglobin (Fe 2+ ) + OH" (3) 

Myoglobin xanthine oxidoreductase and other pathways. 
Myoglobin has a high affinity for oxygen and a low haem 
redox potential that contributes to rapid nitrite reduc- 
tion to NO when deoxygenated; in fact, deoxymyoglobin 
will reduce nitrite to NO at a rate 30-times faster than 
haemoglobin 1166 . These chemical properties suggest that 
when myoglobin becomes deoxygenated, such as in the 
subendocardium of the heart or in exercising skeletal 
muscle, it will rapidly convert nitrite to NO (via the same 
nitrite reductase reaction as described above). Indeed, 
myoglobin has recently been shown to convert nitrite to 
NO in the cardiomyocyte and in the working heart 11,12 . NO 
formed by myoglobin can bind to cytochrome c oxidase 
of the mitochondrial electron transport chain, reducing elec- 
tron flow and oxygen utilization 11 . Consistent with these 
studies, nitrite reduction to NO and nitrite-dependent 
modulation of cardiac consumption is abolished in 
the myoglobin knockout mouse 12 . These studies sug- 
gest that nitrite and myoglobin play an important role 
in regulating cardiac energetics and oxygen utilization 
under conditions of physiological hypoxia. Supporting 
this possibility, Larsen and colleagues found that whole- 
body oxygen consumption in young healthy volunteers 
was significantly reduced during submaximal exercise 
after dietary supplementation with nitrate compared with 
placebo treatment 68 . This surprising effect was associated 
with the metabolism of plasma nitrite. 

Several enzymes, including xanthine oxidoreduct- 
ase 13 " 15,69 , complexes of the mitochondrial electron 
transport chain 70 72 , cytochrome P450s 73 and even the 
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NOS enzyme™, have been shown to use nitrite as an 
alternative electron acceptor to molecular oxygen 
thereby forming NO (FIG. 3). For example, xanthine 
oxidoreductase is known to reduce molecular oxygen 
to superoxide (0 2 ~)> but at low oxygen tensions and pH 
values this enzyme can also reduce nitrite to NO at the 
molybdenum site of the enzyme. In terms of a potential 
role in vasoregulation and NO signalling, these four 



pathways all require low oxygen tensions to effectively 
generate NO and these enzymes also produce superoxide, 
which is expected to react rapidly with and scavenge 
any NO that is synthesized. It is likely that nitrite can 
competitively reduce vascular reactive oxygen species 
(ROS) formation by these enzymes, by direct diversion 
of electrons away from oxygen, thus limiting superoxide 
formation. Decreases in superoxide will effectively 
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cyclic GMP 

A cyclic nucleotide derived 
from guanosine triphosphate 
(GTP) that acts as a second 
messenger, much like cyclic 
AMP. 

Allosteric 

Aiiosteric regulation is the 
regulation of an enzyme or 
protein by binding an effector 
molecule at a site other than 
the protein's active site. 

Mitochondrial electron 
transport chain 

An electron transport chain 
associates energy-rich 
electron donors (for example. 
NADH) and mediates the 
biochemical reactions that 
produce ATP, which is the 
energy currency of life. 
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Figure 3 | Pathways for nitrite reduction to NO and its proposed physiological roles, a | In the tissues, such as the 
heart, there are numerous pathways for the generation of NO from nitrite, all greatly potentiated during hypoxia, 
including xanthine oxidoreductase (XOR), deoxygenated myoglobin (deoxy-Mb), enzymes of the mitochondrial chain and 
protons. Nitrite-dependent NO formation and S-nitrosothiol formation can modulate inflammation, inhibit mitochondrial 
respiration and mitochondrial derived reactive oxygen species formation, and drive cyclic GMP-dependent signalling 
under anoxia. NO-dependent cytochrome c oxidase (complex IV) inhibition can also drive reactive oxygen species 
(ROS)-dependent signalling, b | The formation of bioactive nitric oxide (NO) from the inorganic anion nitrite is generally 
enhanced under acidic and reducing conditions. In the acidic gastric lumen, NO is generated non-enzymatically from 
nitrite in saliva after formation of nitrous acid (HN0 2 ) and then decomposition into NO and other reactive nitrogen oxides. 
This NO helps to kill pathogenic bacteria and it also stimulates mucosal blood flow and mucus generation, thereby 
enhancing gastric protection. Detrimental effects have also been suggested, including nitrite-dependent generation of 
nitrosamines with potentially carcinogenic effects, c | In the blood vessels, nitrite forms vasodilatory NO after a proposed 
reaction with deoxygenated haemoglobin (deoxy-Hb) and contributes to physiological hypoxic blood flow regulation. GC, 
guanylate cyclase; MPT, mitochondrial permeability transition; Oxy-Hb, oxygenated haemoglobin; PKG, protein kinase G. 
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Reactive oxygen species 

(ROS). Include oxygen ions, 
free radicals and peroxides 
that are both inorganic and 
organic. They are generally 
highly reactive owing to the 
presence of unpaired valence 
shell electrons. ROS form as 
a natural by-product of the 
normal metabolism of oxygen 
and have important roles in cell 
signalling. However, during 
times of environmental stress 
ROS levels can increase 
dramatically, which can result 
in significant damage to cell 
structures. 



increase vascular NO bioavailabilty. In addition to sec- 
ondary NO generation, a role of nitrite as an intrinsic 
signalling molecule that can directly modify target haem 
or thiol groups on proteins has been proposed 23 . 

Therapeutic opportunities 

Vasodilation. Numerous studies have now confirmed 
the vasodilating effects of low-dose nitrite in mice, rats, 
sheep, dogs, primates and humans 75-81 . Therapeutic 
delivery of nitrite to vasodilate ischaemic vascular 
beds shows great promise in preclinical studies (FIG. 5). 
Patients suffering from spontaneous haemorrhage of a 
subarchnoidal artery aneurism are at risk for develop- 
ing delayed cerebral artery spasm. In primate models, 
this spasm is associated with acute depletion of cerebral 
spinal fluid nitrite levels. Two-week infusions of systemic 
nitrite effectively prevented this complication 80 . 

Primary pulmonary hypertension of the newborn 
(PPHN) is a condition that is associated with a high 
pulmonary vascular resistance and extremely low sys- 
temic oxygenation. In sheep models of PPHN, inhaled 
nitrite was converted to NO gas in the lung and selec- 
tively vasodilated the pulmonary circulation 78 . In such 
diseases, which are characterized by regional ischaemia 
and vasoconstriction, nitrite may provide an ideal stable 
and naturally occurring therapeutic NO donor. 

The vasodilatory and biological activities of the inor- 
ganic anions nitrite and nitrate must be distinguished 
from the organic nitrates (that is, nitroglycerin) and nitrites 
(amyl-nitrite). Clearly, the organic nitrates and nitrites are 
much more potent than nitrite in terms of vasoactivity. 
Although the anti-anginal and vasodilatory organic 
nitrates and nitrites are metabolized in vivo into vasodila- 
tory NO and nitrite 82 , this bioactivation requires metabo- 
lism by mitochondrial aldehyde dehydrogenase and other 
enzymes, which are all subject to induced tolerance 83,81 . 
Tolerance is characterized by a lack of nitroglycerin bio- 
logical activity with chronic drug exposure. Studies from 
as far back as 1930 suggest that inorganic nitrite does not 
induce tolerance 85 , implying that nitrite may represent 
an active metabolite of nitroglycerin that can bypass 
enzymatic nitroglycerin metabolism and tolerance. 

Tissue protection in ischaemia-reperfusion injury. 
Systemic NOS -independent NO formation from nitrite 
was first demonstrated in the ischaemic heart 5 . Studies 
in animal models of ischaemia and reperfusion have 
now revealed a central role of nitrite in hypoxic signal- 
ling. Physiological and therapeutic levels of nitrite exert 
potent cytoprotection after prolonged ischaemia and 
blood-flow reperfusion in liver 22,86 , heart 22,79,87 , brain 88 
and kidney 89 . These findings suggest an opportunity 
for nitrite therapy for human diseases associated with 
ischaemia-reperfusion, such as myocardial infarction, 
stroke, solid-organ transplantation, cardiopulmonary 
arrest and sickle-cell disease (FIG. 5). 

Dose-response studies in mice suggest a broad efficacy 
to safety range of nitrite of three orders of magnitude, 
with doses as low as 0.1 (amoles per kg to 100 fimoles 
per kg providing significant protection. Interestingly, the 
protective effect of nitrite is evident at very low plasma 



concentrations (less than 200 nM), but is lost as plasma 
concentrations rise above 100-1,000 |LlM 22 . The lowest 
dose of nitrite given in these studies only increased the 
plasma levels of nitrite by 20%. Intriguingly, a similar 
or even greater increase in plasma nitrite is seen after 
ingesting a portion of spinach or lettuce 8 ; this evokes pro- 
vocative questions about a putative role of nitrate as an 
active ingredient of the cardioprotective mediterranean 
diet 9,38,90,91 (BOX 2). 

The mechanism of nitrite-mediated cytoprotection 
appears to be NO-dependent and mitochondria- targeted. 
Studies using various inhibitors and genetic knockout 
mice provide some clues to the potentially impor- 
tant pathways. All the published animal studies have 
demonstrated a loss of cytoprotection when animals 
were treated with the NO scavenger carboxy-PTIO 
(2-(4-carboxyphenyl)-4,5-dihydro-4,4,5,5-tetramethyl- 
lH-imidazolyl-l-oxy-3-oxide) 22,79,86,88 , suggesting the 
importance of NO in the mechanism of cytoprotection. 
Pretreatment of animals with a NOS inhibitor 22,79 or use 
of eNOS knockout mice 22 did not inhibit cytoprotection, 
proving that the nitrite effect is NOS-independent. 

The pathway(s) by which nitrite forms NO in hypoxic 
tissue remains to be determined. Two groups suggest the 
involvement of xanthine oxidoreductase in the reduc- 
tion of nitrite to NO on the basis of reduced efficacy 
after treatments with allopurinol, a xanthine oxidase 
inhibitor 79,87,89 . The fact that nitrite remains protective 
in isolated buffer-perfused organ models, such as the 
Langendorff heart, suggests that the haemoglobin path- 
way is not necessary for this function. We have con- 
sidered the possibility that in the heart, myoglobin can 
serve this function and have recently demonstrated that 
deoxymyoglobin has nitrite reductase activity, which can 
modulate mitochondrial respiration 11 21 . 

ROS generation by mitochondria is a necessary 
component of mitochondrial signalling in cytoprotec- 
tion 9295 . However, the large burst of oxidizing ROS gen- 
erated after reperfusion following ischaemia can also 
contribute to cellular injury, necrosis and apoptosis 96,97 . 
S-Nitrosation of complex I of the electron transport chain 
inhibits the activity of this complex 98 and decreases 
mitochondrial-derived ROS formation during reper- 
fusion, an effect associated with cellular cytoprotec- 
tion 99,100 . Nitrite can similarly nitrosate complex I during 
ischaemia and reperfusion 21 . This modification limits 
complex I -dependent reperfusion ROS formation, acti- 
vation of the mitochondrial permeability transition 
pore, and cytochrome c release. Interestingly, the effects 
of nitrite on mitochondria and tissue cytoprotection 
occur both acutely (immediately before reperfusion) 
and remotely (if given 24 hours before reperfusion), 
suggesting a potential role for nitrite as an effector of 
ischaemic preconditioning 21 . 

The inhibitory effect of NO 101 101 and nitrite on 
mitochondrial respiration that is associated with 
mitochondrial-dependent cytoprotection presents an 
interesting paradox. The energetic cost of reversibly 
inhibiting mitochondrial respiration appears to be off- 
set by reduced ROS generation during reperfusion. A 
paradigm is emerging that damping electron flow to 
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Figure 4 1 R-state or allosteric autocatalysis of nitrite 
reduction by haemoglobin, a | Allosteric nitrite reduction 
by haemoglobin. The rate at which haemoglobin converts 
nitrite into nitric oxide (NO) is maximal when it is 50% 
saturated with oxygen, the midpoint of the haemoglobin- 
oxygen dissociation curve (P 50 ). This effect is 
mechanistically determined by two opposing chemistries, 
the availability of deoxyhaems (reaction substrate) to bind 
nitrite, which is maximal in T-state or deoxygenated 
haemoglobin, and the amount of R-state or oxygenated 
haemoglobin tetramer, which increases the intrinsic 
reactivity of the haem with nitrite. The latter process 
occurs because R-state or oxygenated haemoglobin has a 
decreased haem redox potential, which is analogous to the 
low haem redox potential of myoglobin. This low redox 
potential of the R-state ferrous haem favours an equilibrium 
distribution of electrons to nitrite, resulting in the increased 
reactivity of nitrite with the unliganded ferrous haems of 
R-state haemoglobin and myoglobin. The lowered haem 
redox potential is kinetically manifested as an increased 
bimolecular rate constant for the reaction of nitrite with 
R-state haemoglobin compared with T-state haemoglobin. 
Because the observed rate of nitrite reduction to form NO 
is equal to the product of the bimolecular rate constant 
times the deoxyhaem (reactant) concentration, this rate 
is expected to be maximal at approximately 50% oxygen 
saturation, or the intrinsic haemoglobin P 50 ; this allows 
for physiological hypoxic 'sensing' and NO generation, 
b I Physiological model. In the mammalian circulation, the 
allosteric state of haemoglobin tetramers is modulated 
primarily by oxygen ligation such that the in vivo intrinsic 
reactivity (bimolecular rate constant) of the deoxyhaem is 
therefore dictated by oxygen binding to other haems on the 
same tetramer. This model therefore predicts that the most 
effective tetrameric nitrite reductase would be the R-state 
haemoglobin that rapidly deoxygenates during arterial to 
capillary transit. This molecule would transition through R4 
(R-state with four oxygens bound) to R3 (R-state with three 
oxygens bound) to R2 intermediates and then shift to T2 
(T-state with two oxygens bound) and ultimately Tl. These 
R3 and R2 tetramers would be the most effective nitrite 
reductases (bimolecular rate of 6 M" 1 sec 1 for R-haem 
compared with 0.03 (VI 1 sec 1 for T-haem). This chemistry is 
consistent with experiments showing that nitrite reduction 
and NO signalling are most effective in systems subjected 
to rapid deoxygenation in the presence of oxyhaemoglobin 
and nitrite or when haemoglobin is 50% saturated with 
oxygen. A1-A5 reflect the arteriolar size, which decreases 
at branch points. 



Organic nitrates 

Drugs used principally in the 
treatment of angina pectoris 
and acting mainly by dilating 
the blood vessels by the 
formation of nitric oxide. 

S-nitrosation 

The conversion of thiol groups 
(-SH), including cysteine 
residues in proteins, to form 
S-nitrosothiols. S-Nitrosation 
has been suggested to be a 
mechanism for dynamic, 
post-translational regulation 
of proteins. In addition, 
S-nitrosothiols can act as 



oxygen (thus limiting superoxide formation) during 
reperfusion, by NO-dependent complex I and IV inhi- 
bition 98,101 or by depleting oxygen during reperfusion 
(post-conditioning), may reduce reperfusion ROS gen- 
eration and limit downstream apoptotic signalling 105 . 
Data also suggest that NO-dependent inhibition of 
cytochrome c oxidase before ischaemia, that is, during 
normoxia, can produce the opposite effect of increas- 
ing basal ROS formation, creating a preconditioning 
environment that is also adaptive 92 95 . 

Several recent studies of NO gas inhalation in both 
animals and humans suggest a transformation of NO 
in the lung into a more long-lived bioactive NO- species 
that can be transported in blood 59,106 . Moreover, inhaled 



NO reduces myocardial infarction volume in mice 107 
and pigs 108 and the extent of liver injury after orthotopic 
transplantation in humans 109 . These effects are associated 
with significant increases in circulating nitrite, with no 
significant changes in blood S-nitrosothiol levels. NO 
treatment significantly reduced the overall incidence of 
brain injury in premature newborns with respiratory 
failure, an effect consistent with endocrine transport 
of an NO-intermediate in blood to the central nervous 
system 110 . Thus, increasing evidence suggests that nitrite is 
mediating extrapulmonary effects of NO gas inhalation. 

The promising animal data discussed here indicate 
that nitrite possesses the characteristics of a useful adjunc- 
tive therapy for acute myocardial infarction, including 
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Figure 5 | Therapeutic opportunities for inorganic nitrite. The inorganic anion nitrite (N0 2 ) can be metabolized in 
blood and tissues to form nitric oxide (NO), a pluripotent biological messenger. Nitrite reduction to NO is catalysed by 
various enzymatic and non-enzymatic pathways and is greatly enhanced during hypoxia and ischaemic stress, which 
may be of therapeutic value. In animal models, nitrite is strongly cytoprotective and protects against ischaemia- 
reperfusion injury. These findings suggest an opportunity for nitrite therapy for human diseases such as myocardial 
infarction, stroke, solid-organ transplantation and sickle-cell disease. Nitrite is also cytoprotective in the stomach, 
where it can prevent drug-induced gastric ulcers. The vasodilatory and blood-pressure lowering effects of nitrite could 
be useful in pulmonary and systemic hypertension, as well as in the treatment and prevention of delayed cerebral 
vasospasm after subarachnoidal artery aneurysm haemorrhage. 



significant cardioprotection following prolonged ischae- 
mia, simple administration and minimum associated 
regional and systemic side effects. Based on these con- 
siderations, a human Phase II clinical trial of intravenous 
nitrite for ST segment elevation myocardial infarction 
is currently being planned by the US National Heart, 
Lung, and Blood Institute in cooperation with European 
centres. 

Gastric ulcers. A common and potentially serious side 
effect of aspirin-like drugs (non-steroidal anti-inflam- 
matory drugs; NSAIDs) is the development of gastric 
ulcers secondary to the inhibition of prostaglandin 
synthesis by these agents 111 . Similarly, in animal mod- 
els, pharmacological inhibition of the NOS enzymes 
increases the susceptibility to ulcerogenic compounds 112 . 
Experiments with isoform- selective inhibitors suggest that 
the constitutive isoforms of cyclooxygenase (COX1) and 
NOS (eNOS and neuronal NOS; nNOS) are protective, 
while the opposite may be true for the inducible enzymes 
(COX2 and iNOS) 113 ' 114 . In a recent study, rats were given 
sodium nitrate in the drinking water for 1 week followed 



by acute exposure to an NSAID (diclofenac) by gastric 
gavage 115 . Dietary nitrate increased gastric NO levels and 
potently protected against the macroscopic injury caused 
by NSAID exposure (FIG. 5). Additionally, nitrate pretreat- 
ment decreased mucosal myeloperoxidase activity and 
expression of iNOS, which is indicative of reduced tissue 
inflammation. The protection afforded by nitrate probably 
relates to increased gastric mucosal blood flow and mucus 
generation and reduced epithelial permeability 52,53 . 

The gastroprotective effect of nitrate was abolished 
in rats if they were pretreated with topical antibiotics 
in the mouth before nitrate supplementation, thereby 
illustrating the importance of the oral microflora in the 
bioactivation of nitrate 116 . An additional protective effect 
of nitrate on ulcer development may occur through 
inhibition of Helicobacter pylori 117 . 

In critically ill patients, endotracheal intubation and 
sedation interrupt the entero-salivary nitrate cycle, which 
results in depleted gastric NO, nitrite and 5-nitrosothiol 
levels 118 . It has been suggested that the insufficient levels of 
gastric NO contribute to the gastric lesions and bacterial 
overgrowth commonly found in these patients 118 . 
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Box 2 1 Dietary aspects of nitrate and nitrite 



The metabolism of dietary nitrate can result in intragastric formation of nitrosamines, 
which may be carcinogenic 1 . However, despite more than 40 years of extensive 
research, there is still no clear evidence for a link between nitrate intake and gastric 
cancer in humans 133 . Moreover, it is well known that a diet rich in vegetables is 
associated with a lower blood pressure and a reduced long-term risk for the 
development of cardiovascular disease 134 135 . Recently, Larsen and colleagues 62 
performed a double-blind placebo-controlled crossover evaluation of dietary nitrate 
supplementation in healthy young volunteers and found a significant reduction 
in resting blood pressure with a nitrate dose corresponding to the amount found in 
150-250 g of a green leafy vegetable. Remarkably, the reduction in blood pressure 
was similar to that described in healthy controls consuming a diet rich in fruits and 
vegetables in the Dietary Approaches to Stop Hypertension (DASH) trial 136 . 
Consistent with this, new preclinical studies now indicate that dietary levels of nitrite 
and nitrate significantly modulate the susceptibility to cardiac and liver ischaemia- 
reperfusion injury and gastric and intestinal mucosal integrity, respectively 115 - 127 . 
In recent studies in rats and mice, oral intake of nitrite either immediately before or 
even 24 hours before myocardial infarction significantly reduced infarction volume 21 . 
In this context, nitrate may be considered as a 'prodrug', which produces a sustained 
delivery of nitrite to the systemic circulation following entero-salivary circulation 8 . 
The possibility of boosting nitric oxide production by dietary intervention may have 
important implications for public health, in particular cardiovascular disease. 
The central role of commensal bacteria in the bioactivation of nitrate is intriguing 
and suggests that a symbiotic host-microbial relationship is involved in the 
regulation of cardiovascular function. 

Future clinical studies will elucidate whether nitrate can offer a nutritional approach 
to the prevention and treatment of disease. If such investigations point towards a 
protective effect of nitrate, the current strictly regulated levels of nitrate in food and 



Antimicrobial effects. Nitrite is used as a preservative in 
meat products to inhibit the growth of pathogens, most 
notably Clostridium botulinum, and these antibacterial 
effects have been attributed to NO formation 119 . The 
discovery of endogenous nitrite reduction to NO in the 
acidic stomach triggered researchers to explore thera- 
peutic uses for acidified nitrite as an antimicrobial agent. 
Indeed, acidified nitrite results in the generation of NO 
and other nitrogen oxides, which have potent antibac- 
terial activity against a range of pathogens, including 
Salmonella, Yersinia and Shigella species, H. pylori, and 
Pseudomonas aerguinosa xl6 ' U7 ' m . These antibacterial 
effects of nitrite have recently been investigated in the 
airways. In an animal model resembling cystic fibro- 
sis, acidified nitrite successfully cleared the airways of 
mucoid P. aeruginosa, a pathogen commonly infecting 
the airways of patients with cystic fibrosis 121 . 

Infected urine typically contains considerable amounts 
of nitrite, owing to bacterial reduction of urinary nitrate. 
Although nitrite is stable at neutral or alkaline conditions, 
it is reduced to NO and has potent antibacterial effects if 
the urine is mildly acidified (to pH 5-6); these effects are 
potentiated in the presence of the reducing agent vitamin 
C 16 . In fact, the in vitro antibacterial potency of nitrite 
and ascorbic acid is fully comparable to that of traditional 
antibiotics such as nitrofurantoin and trimetoprim. 
Acidification of urine — for example, by vitamin C intake 
— has been used in traditional medicine for the preven- 
tion and treatment of urinary tract infections. This effect 
may be related to the formation of antibacterial nitrogen 
oxides from the acidified nitrite 38,122 . 



Opportunities for drug development 

As mentioned above, several different therapeutic 
indications for nitrite have been successfully tested 
recently both in animal models and in humans (FIG. 5). 
Depending on the condition to be treated, the develop- 
ment of several different nitrite -containing formulations 
and methods of administration are anticipated. 

Topical administration of acidified inorganic nitrite. 
An inorganic nitrite salt such as sodium nitrite (NaN0 2 ) 
is combined with an acidifying agent (for example, 
ascorbic acid). This mixture rapidly releases NO and 
other nitrogen oxides and has been evaluated for its anti- 
microbial activity. Topical application of acidified nitrite 
to the skin has proved effective in various skin infec- 
tions 123 " 125 , and in the airways, acidified nitrite has been 
shown to kill mucoid Pseudomonas in an animal model of 
cystic fibrosis 121 . Carlsson and colleagues used the inflat- 
able retention balloon of a urinary catheter as a depot for 
nitrite and ascorbic acid, leading to direct intravesicular 
delivery of antimicrobial nitrogen intermediates 126 . In 
their in vitro studies, NO was generated in the retention 
balloon and diffused into the surrounding urine where 
it effectively killed the urinary pathogen Escherichia coli. 
They suggested that this could be a new approach to 
prevent catheter- associated urinary-tract infections, the 
most common hospital-acquired infection. 

Enteral administration of inorganic nitrite and nitrate. 
It is clear that both nitrate and nitrite are readily absorbed 
and biologically active when given orally, and therapeutic 
effects have been observed in animal models of ischaemia- 
reperfusion injury 127 and in protection against gastric 
ulcerations 115,116,128 . In addition, short-term dietary 
nitrate supplementation has been shown to lower blood 
pressure in healthy volunteers 62 . A combination of nitrate 
and nitrite salts for oral administration is theoretically 
attractive, as the nitrite would ensure immediate effects 
soon after absorption, while the nitrate would continu- 
ously provide a slow release of nitrite over a prolonged 
period of time via the entero-salivary recirculation 
described above. Similar to the recently developed 
NO-NSAIDs, in which the active drug is combined with 
an organic nitrate 129 , the addition of inorganic nitrate to 
an ulcerogenic drug such as aspirin or another NSAID 
is also a possible new composition. 

Organic nitro compounds as donors of nitrite. The bio- 
availability of nitrite after enteral administration of 
inorganic nitrate or nitrite can be difficult to control 
because of the variable metabolism of these anions 
within the gastrointestinal tract. However, the use of 
organic allylic nitro compounds as nitrite donors may 
overcome this potential problem 130 , as in vitro experi- 
ments have shown that such compounds can release 
nitrite and NO in the presence of thiols (L-cysteine) and 
ascorbic acid. Traditional organic nitrates (nitroglycer- 
ine) and nitrites (amyl nitrite) used in cardiovascular 
medicine are also metabolized to nitrite in vivo. Whether 
the organic allylic nitro compounds or other donors of 
nitrite can offer any additional advantages over these 
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compounds and the native inorganic anions, in terms 
of controlled delivery, bioavailability and tolerance, 
remains to be studied. 

Short or long-term infusions of inorganic nitrite. In the 
development of nitrite for therapeutic intravenous use, 
it is anticipated that the dose and duration of treatment 
will have to be adjusted depending on the condition and 
the desired effect. In animal studies, large doses of nitrite 
infused over a long period of time are needed to effectively 
alleviate the vasospasm associated with subarachnoidal 
haemorrhage 80 . In models of ischaemia-reperfusion 
injury, however, the dose of nitrite needed for protective 
effects is remarkably low 21,22 . 

Toxicity. The two major health concerns with inorganic 
nitrite and nitrate are the risk for development of meth- 
aemoglobinaemia and their potential carcinogenic 
effects 2 . Any toxicity of the nitrate ion is thought to occur 
after its bioconversion to nitrite, which is considerably 
more reactive. Formation of methaemoglobin occurs 
when the oxygen-carrying ferrous ion (Fe 2+ ) of the haem 
group of the haemoglobin molecule is oxidized by nitrite 
to the ferric state (Fe 3+ ). This converts haemoglobin to 
methaemoglobin, which cannot bind oxygen. Clinically 
significant methaemoglobinaemia with cyanosis occurs 
when the levels increase above a certain level (approxi- 
mately 5%). In animal studies looking at the tissue pro- 
tective and vasodilatory effects of intravenous nitrite, the 
increase in methaemoglobin is generally undetectable or 
modest even after prolonged delivery* 0 , suggesting that 
methaemoglobin is not a major problem in these dose 
ranges. In fact, the estimated EC 50 for nitrite in human 
adults, based on methaemoglobin formation, is 1 g 131 , 
whereas calculations from animal data suggest that less 
than 40 mg nitrite would be necessary for the treatment 
of myocardial infarction in a 70 kg adult. 

In 2001, the US Department of Health and Human 
Sendees National Toxicology Program published extensive 
toxicology and carcinogenesis studies of sodium nitrite 



in rats and mice. Sodium nitrite was delivered in drink- 
ing water for 14-week and 2-year periods and genetic 
toxicology studies were conducted in Salmonella 
typhimurium, and in rat and mouse bone marrow and 
peripheral blood. Consistent with recent epidemio- 
logical studies in humans 2 , there was no significant 
evidence of carcinogenic activity of nitrite, despite 
dose escalations sufficient to produce profound meth- 
aemoglobinaemia and weight loss in rodents 131 . A recent 
epidemiological study evaluating dietary exposure of 
nitrite (cured meat) has suggested a possible link to 
the development of emphysema in at-risk subjects 132 ; 
further population studies will be required to validate 
this observation. For most of the therapeutic indications 
discussed in this article, the low dose and short duration 
of treatment suggest that the risk of any carcinogenic 
effects is negligible. In fact as stated above, a large con- 
sumption of nitrate-containing vegetables may provide 
similar or even greater systemic loads of both nitrate 
and nitrite. If nitrite is to be used in much higher doses 
over prolonged periods of time, this issue will naturally 
have to be addressed. 

Conclusions 

The nitrate-nitrite-NO pathway may be viewed as com- 
plementary to the classical L-arginine-NOS pathway. 
These pathways work partly in parallel, but when oxy- 
gen availability is reduced and NOS activity is decreased, 
nitrite reduction to NO becomes more pronounced. So, 
in pathological conditions when regional and systemic 
ischaemia prevail, it may be beneficial to support the 
nitrate and nitrite stores pharmacologically or by dietary 
intervention. 

We must now revise our long-standing view that 
nitrate and nitrite are only harmful substances in our 
diet or inert metabolites of endogenous NO. Instead, 
accumulating evidence suggests that the nitrate-nitrite- 
NO pathway critically subserves physiological hypoxic NO 
signalling, providing an opportunity for novel NO-based 
therapeutics. 
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CARCINOGENICITY STUDIES OF SODIUM NITRITE 
AND SODIUM NITRATE IN F-344 RATS* 
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Abstract— The carcinogenicity of sodium nitrite and of sodium nitrate was examined in F-344 rats. 
Sodium nitrite was administered in the drinking-water for 2yr at levels of 0125 or 025%. Sodium 
nitrate was given in the diet at levels of 2 5 or 5%. A variety of tumours occurred in all groups including 
the controls. The only significant difference between treated and control groups in the total number of 
tumours detected in either of the studies was a significant decrease in tumour incidence in the high-dose 
females given nitrite compared with controls. There was no positive dose-response relationship either in 
the incidence or in the induction time of tumours in either of the studies. The only significant result was 
a reduction in the incidence of mononuclear cell leukaemias in the experimental groups in both studies. 
It is concluded that sodium nitrite and sodium nitrate did not exert a carcinogenic effect that could be 
detected under the conditions of this study in which the animals showed a high incidence of spontaneous 
tumours. 



INTRODUCTION 

Sodium nitrite and sodium nitrate are widely used 
in Japan and throughout the world as food additives 
to preserve and colour cured meat and/or fish. It was 
recently reported that sodium nitrite has strong muta- 
genic activity in various mutagenicity tests (Odash- 
ima, 1980). It has also been demonstrated that sodium 
nitrite is a precursor of N-nitroso compounds, many 
of which have strong carcinogenic activity in many 
species of animals. Sodium nitrate is partially reduced 
to sodium nitrite both in the animal body and in food 
(Heisier. Siciliano, Krulick et al 1974; Ishiwata, Bori- 
boon, Nakamura et al 1975). But until now there 
have been no significant reports on the carcinogeni- 
city test of these two chemicals. The present studies 
were carried out to clarify the carcinogenicity of these 
two chemicals. 

EXPERIMENTAL 
Suhchronic toxicity study 

A total of 240 Fischer-344 rats (SPF, 5-wk-old) of 
both sexes were purchased from Charles River Japan 
Inc. (Kanagawa). Rats were housed four to a plastics 
cage and kept in an air-conditioned animal room 
(temperature 25 ± 2 C C, humidity 55 ± 10%). 

Sodium nitrite (special grade reagent, purity 98-5%) 
and sodium nitrate (special grade reagent, purity 
99*5%) were purchased from Koso Chemical Co. Ltd 
(Tokyo). The stability of the sodium nitrite when 



*Parl of this work was presented at the 39th Annual Meet- 
ing of the Japanese Cancer Association, Tokyo. 
November 1980. The work was supported by grants-in- 
aid for cancer research from the Ministry of Health and 
Welfare. Japan 

Abbreviations: v^DMA - A/-Nitrosodimethylamine:SPF = 
specific- pathogen free. 



mixed with the diet was found to be very low (13-27% 
recovery) and it was therefore administered in the 
drinking-water. A fresh solution of sodium nitrite in 
distilled water was prepared daily. Sodium nitrate was 
found to be stable in the diet (about 100% recovery) 
and was therefore mixed with the basic diet (CRF-1, 
Charles River Japan Inc.) which was then pelleted. 

The animals were divided into groups of ten male 
and ten female rats. In the sodium nitrate study five 
experimental groups were given as drinking-water 
20 ml of a solution of sodium nitrite/rat/day at con- 
centrations of 1, 05, 0-25, 0 125 or 006% for 6 wk. 
Rats in the control group were each given 20 ml dis- 
tilled water/day. In the sodium nitrate study the five 
treated groups were given 20, 10, 5, 2-5 or 1-25% 
sodium nitrate in the diet ad lib. for 6 wk. The control 
group was given basic diet only. In the nitrate study 
all groups were given tap water freely. 

During the experimental periods, all the animals 
were observed daily; signs of toxicity and mortality 
were recorded, and body weights were determined 
every other week. Dead animals were completely 
autopsied. At the end of the study, all surviving ani- 
mals were killed for gross and microscopical examin- 
ations. The results of this study were used to deter- 
mine the appropriate dose-levels in the carcinogeni- 
city study. 

Carcinogenicity study 

Rats. A total of 600 F-344 rats of both sexes (SPF, 
5-wk-old), purchased from Charles River Japan Inc., 
were maintained on the basic diet (CRF-1) and tap 
water, until they were 8-wk-oId when the studies were 
started. Animals were divided into groups comprising 
50 male and 50 female rats. 

Housing and feeding conditions. Rats were housed 
four males and five females to a plastics cage and kept 
in an air-conditioned animal room (conventional ani- 
mal room without barrier system) at a temperature 
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25 ± 2 C and a relative humidity of 55 ± 10%. The 
basic diet was analysed for contaminants twice a year 
and it was ascertained that contaminants such as pes- 
ticides, metals, benzopyrene and aflatoxin were not 
included in the diet. Sodium nitrite and sodium 
nitrate were as used in the subchronic toxicity study. 

Experimental design. In the nitrite study, the experi- 
mental groups were given 20 ml 0*25% (maximum 
tolerated dose) or 0-125% sodium nitrite/rat/day as 
their drinking water for 2 yr. Rats in the control 
group were each given 20 ml distilled-water/day for 
2yr. In the nitrate study the experimental groups 
were given diets containing 5% (maximum tolerated 
dose) or 2-5° „ of sodium nitrate ad lib. for 2 yr. Rats in 
the control group were given basic diet without 
nitrate ad lib. for 2yr. The stability of nitrate in the 
diet was determined whenever new diet was received, 
and it was ascertained that the recovery rate of the 
chemical was about 100% at all times. Administration 
of chemicals was stopped at wk 104 and thereafter tap 
water and basic diet was given in all experimental 
groups, and observation was continued until wk 120 
in the nitrite study and wk 123 in the nitrate study 
when all survivors were killed. These times were 



selected because the number of survivors in at least 
one group of either sex was less than 10 (20%). During 
the experimental period all animals were observed 
daily, and clinical signs and mortality were recorded. 
The amount of nitrite-containing water consumed/ 
day or the amount of nitrate-containing diet consu- 
med/month was measured. Body weights were 
recorded once a week during the first 10 wk of the 
study and every 2 wk thereafter. Moribund or dead 
animals were autopsied completely and examined for 
the development of tumours in various organs and/or 
tissues. Organs and/or tissues were fixed with buffered 
10% formalin, and sections were stained routinely 
with haematoxylin and eosin. 

Analysis of nitrosamines. Analysis of nitrosamines in 
the basic diet, diet containing nitrate, drinking-water 
containing nitrite and the stomach contents of treated 
rats was carried out twice using a Thermo-Energy 
Analyser (TEA-502), Shimazu Inc., Japan). For analy- 
sis of /V-nitrosamines in the stomach contents, groups 
often male and ten female 10-wk-old F-344 rats were 
given identical treatments to the animals in the main 
study. After 1 wk of treatment the animals were killed 
and their stomach contents were analysed. 
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Fig. 1. Growth curves of rats treated with (a) sodium nitrite in the drinking water and (b) sodium nitrate 
in the diet, Control males ( — • — ), low-dose males (-—A — ), high-dose males {---■---), control females 
(— -O — ). low-dose females ( — A — ) and high-dose females (---□---)• 
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Table 1. Cumulative mortality of rats treated with sodium 
nitrite in the drinking-water or sodium nitrate in the diet 

Cumulative mortality (%) at 



Sex 


Doset 


80 wk 


100 wk 


I ermj 




Sodium nitrite study 






M 


0 (control) 


16 


32 


76 




0 125 


6 


30 


52* 




0-25 


4* 


12* 


42** 


F 


0 (control) 


2 


14 


54 




0-125 


4 


14 


46 




025 


8 


16 


48 




Sodium nitrate study 






M 


0 (control) 


6 


20 


80 




2-5 


0 


8 


52** 




50 


8 


24 


62* 


F 


0 (control) 


12 


36 


72 




2-5 


6 


20 


46** 




50 


12 


24 


50* 



tThe dose is expressed as the percentage in the drinking- 
water (sodium nitrite) or diet (sodium nitrate). 

Jin the sodium nitrite study, 120 wk; in the sodium nitrate 
study, 123 wk. 

Values marked with asterisks differ significantly (chi-square 
test) from the corresponding control values [*P < 005: 
**P <0-01). 



RESULTS 

Suhchronic toxicity study 

During the 6 wk of sodium nitrite treatment four 
female rats in the 1% group, and one male and one 
female in the 0-5% group died. None of the other 
treated or control rats died. In all the experimental 
groups except the 1% group, depression of body- 
weight gain compared with the control group was less 
than 10%. In the case of nitrate, all the females and 
seven males in the 20% group died during the experi- 
ment. In all groups except the males given 20"; and 



the females given 10'; o nitrate, the decrease of body- 
weight gain compared with controls was less than 
10%. 

At autopsy the abnormal colour of the blood and 
the spleen due to methaemoglobin was marked in rats 
of the two highest dose groups in both studies. 

From these results it was determined that the maxi- 
mum tolerated doses of sodium nitrite and nitrate in 
F-344 rats were 025% in drinking-water and 5% in 
the diet, respectively. 

Carcinogenicity studies of nitrite and nitrate 

The first rats with tumours were autopsied at wk 56 
in the sodium nitrite study and at wk 36 in nitrate 
study. Rats that survived beyond wk 56 and wk 36 in 
the nitrite and nitrate studies respectively were in- 
cluded in the data. Figure 1 shows the growth curve 
of the animals in both studies. In the male high-dose 
groups the mean body weight differed from that of the 
control group by less than 10% at all times in both 
studies, but in the female high-dose groups mean 
body weights were reduced by more than 10% after 
wk 40 in the nitrite study and after wk 60 in the 
nitrate study. Table 1 demonstrates the cumulative 
mortality of rats in the two studies. At term both male 
and female control groups contained the lowest 
numbers of survivors in both studies. 

The amount of nitrite or nitrate consumed, the 
total tumour incidence including both benign and 
malignant tumours and the mean survival times are 
given in Table 2. Daily consumption of water or diet 
was almost constant throughout the experimental 
period in all groups. These consumption data were 
used to calculate the nitrite and nitrate intake data 
given in Table 2. The incidence of tumours was 100% 
in all male groups in the nitrite study and nearly 
100%, in all male groups in the nitrate study. However 
there was a reverse dose-effect relationship in the inci- 
dence of tumours in the females of both studies. The 
tumour incidence in the high-dos^ group was signifi- 



Table 2. Amount of nitrite or nitrate consumed, tumour incidence and mean survival time of F-344 rats after continuous oral 

administration of sodium nitrite or nitrate 



Total nitrite Survival time 

or nitrate (wk) 

Dose Effective consumed No. of rats with 

(%)t Sex no. of rats* (g/rat) tumours (%) Mean ± SD Range 



Sodium nitrite 



0 (control) 


M 


46 


0 


46(100) 


108 t 13 6 


72-120 


F 


49 


0 


45(92) 


113 :b 10-6 


82-120 


0125 


M 


49 


19 


49(100) 


109 :t 13 9 


72-120 




F 


48 


15 


41 (85) 


114 4- 9-8 


84-120 


025 


M 


50 


34 


50(100) 


113 i: 13-2 


56-120 




F 


48 


25 

Sodium nitrate 


35(731* 


112 ± 12-7 


58-120 


0 (control) 


M 


50 


0 


47 (94) 


108 ± 16 8 


44-123 




F 


50 


0 


46 (92) 


105 ± 17-4 


63-123 


2*5 


M 


50 


277 


50(100) 


116 ± 9 3 


90-123 




F 


50 


190 


43 (86) 


113 ± 156 


68-123 


50 


M 


50 


575 


48 (96) 


109 ± 20 1 


36-123 




F 


49 


394 


39 (80) 


109 + 20-7 


39-123 



tThe dose is expressed as the percentage in the drinking-water (sodium nitrite) or the percentage in the diet (sodium 
nitrate). 

{Initially each group comprised 50 animals. 

The value marked with an asterisk differs significantly (P < 0 05; chi-square test) from the corresponding- control value. 
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cantly decreased (P < 0 05) compared with that in the 
control group in the nitrite study, but there were no 
significant differences in the nitrate study. There was 
no significant difference in mean survival times 
between control and experimental groups in either 
study. 

Tables 3 and 4 show the mean incidences and 
induction times of tumours of various organs and/or 
tissues. As shown in the tables, in all groups of males 
in both studies, tumours of the testis were the most 
frequent, followed by those of the mammary gland, 
adrenal gland and liver. Tumours of the mammary 
gland, pituitary gland, uterus, and adrenal gland were 
those detected most frequently in the female rats of 
both studies. Tumours were also detected in other 
organs and/or tissues of each group of both studies, 
although the incidence was relatively low. None of the 
treatment groups showed a significant increase in the 
incidence of any specific tumour compared with the 
corresponding control group. There was also no sig- 
nificant difference between experimental and control 
groups in the mean induction time of any tumour. 

The only interesting difference between treated ani- 
mals and controls is in the incidence of tumours of 
the haematopoietic organs in both studies. The inci- 
dence of these tumours was relatively high in the con- 
trol groups of both sexes in both studies. The inci- 
dence was, however, significantly decreased in experi- 
mental groups, especially in the nitrate study. 

Table 5 shows the age-related incidence of tumours 
of the testis, uterus, haematopoietic organs, pituitary 
gland, adrenal gland, liver and thyroid gland. These 
tumours increased rapidly after about 2 yr in each 
group of both studies and there was no particular 
tumour which seemed to appear earlier in each 
experimental group. 

The tumours found in the two studies were histolo- 
gically similar. All the testicular tumours that were 
detected were interst itial cell tumours. The mammary 
tumours differed histologically in male and female 
rats. In the male rats the epithelial element of the 
fibroadenoma was strongly atrophic and only the 
mesenchymal element proliferated as if it was a 
fibroma whereas typical fibroadenomas were the most 
frequent mammary tumours in the females. Most of 
the pituitary tumours were chromophobic adenomas. 
The tumours observed in the haematopoietic organs 
were mononuclear cell leukaemias, except for one 
other tumour in a imale given the lower dose of nitrite. 
In cases of mononuclear cell leukaemia, clinical signs 
such as severe eimaciation, anaemia, jaundice and 
abdominal distension were observed and at autopsy 
splenomegaly or hepatosplenomegaly was marked. 
Enlargement of lymph nodes was not so marked, 
although in a fr;w cases systemic enlargement of 
lymph nodes was detected. Atypical mononuclear 
cells like monocy tes or lymphocytes were detected in 
peripheral blood and in many cases erythrophagia 
was observed. Histochemical tests for peroxidase were 
negative. Invasion of leukaemic cells was observed in 
the spleen and li ver with few exceptions and in some 
cases tumour-cdl invasion was also observed in 
lymph nodes, luMgs, kidneys, adrenal glands and bone 
marrow. Most adrenal tumours were small phaeoch- 
romocytomas, although there were a few cases of 
phaeochromocvtomas combined with ganglioneuri- 



nomas, and large malignant phaeochromocytomas 
with metastases in remote organs; cortical tumours 
were very rare. Most liver tumours were benign aden- 
omas, although a few hepatocellular carcinomas were 
also observed. In the thyroid gland, C-cell adenomas 
were most common, although other types of thyroid 
tumours such as papillary adenomas and C-cell carci- 
nomas were also observed. Endometrial angiomatous 
polyps, adenomas and adenocarcinomas were fre- 
quent in the uterus. The histology of the other 
tumours detected was similar to that of the spon- 
taneous tumours reported by other investigators 
(Moloney, Boschetti & King, 1970; Sass, Rabstein, 
Madison et ai 1975). 

There was no significant difference in the incidence 
of malignant tumours between experimental and con- 
trol groups of both studies. 

Table 6 shows the results of analysis for N-nitros- 
amines of the basic diet, diet containing nitrate, 
drinking-water containing nitrite, and the stomach 
contents of treated rats. More NDMA was detected in 
the nitrate-containing diet than in the basic diet. The 
maximum value, 37 ppb NDMA, was detected in the 
stomach contents of rats given sodium nitrite in their 
drinking-water and up to 11 ppb was found in the 
stomach contents of rats given nitrate in the diet, 
although no nitrosamine was detected in the stomach 
contents of control rats. No other N-nitroso com- 
pounds were detected. 

DISCUSSION 

Druckrey, Steinhoff, Buethner et ai (1963) reported 
that sodium nitrite was not carcinogenic in rats when 
it was given continuously in the drinking-water for 
their life-span. It has since been suggested that 
sodium nitrite is mutagenic in various mutagenicity 
tests (Odashima, 1980). Inai, Aoki & Tokuoka (1979) 
recently reported a carcinogenicity test in ICR mice in 
which sodium nitrite was given at levels of 0-5, 0-25 
and 0125% in the arinking- water for 109 wk and car- 
cinogenicity was not detected. On the other hand, 
Newberne (1979) reported that sodium nitrite pro- 
moted lymphomas in experimental groups when 
Sprague-Dawley rats were given 250-2000 ppm of 
sodium nitrite in the diet or drinking-water but New- 
berne's data have since been invalidated (Dickson, 
1980). In addition, Inui also reported transplacental 
action of nitrite on hamster embryo cells (lnui, Nishi, 
Taketomi & Mori, 1979). Most recently, Mirvish, 
Bulay, Runge & Patil (1980) reported that in MCR 
Wistar rats receiving sodium nitrite in drinking-water 
(3 g/litre) 8 of 45 rats (18%) had papillomas of the 
forestomach and the incidence was significantly 
greater than that in the control group (2%). However, 
there have been no significant reports on the carcino- 
genicity of sodium nitrate, although Sugiyama, 
Tanaka & Mori (1979) reported recently that sodium 
nitrate had been found to be non-carcinogenic in ICR 
mice. 

In our studies many different types of tumours were 
observed in all groups including the controls. The dis- 
tribution and histology of those tumours were similar 
to those of the spontaneous tumours mentioned by 
other investigators (Moloney et ai 1970; Sass et ai 
1975). In our studies the incidence of spontaneous 
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Table 6. Determination of N-nitroso compounds in 


the diets, drinkiny- 


water and 


stomach contents of nitrite- and nitrate-tree 


\ted and control rats 




Material analysed 


NDMA (ppb) 


Basic diet (CRF-1) 


7-5 


ND 


Diet containing 2-5",, nitrate 


14-4 


49*2 


Diet containing 5% nitrate 


12 9 


275 


Water containing 0 125" n nitrite 


ND 


ND 


Water containing 0-25" „ nitrite 


ND 


ND 


Stomach contents of control males 


ND 


ND 


Stomach contents of control females 


ND 


ND 


Stomach contents of 2-5'.\, nitrate males 


Trace 




Stomach contents of 2-5° 0 nitrate females 


10 7 




Stomach contents of 5 n fl nitrate males 


iO-1 


68 


Stomach contents of 5" n nitrate females 


100 


108 


Stomach contents of O l25° n nitrite males 


Trace 




Stomach contents of 0 I25° n nitrite females 


90 




Stomach contents of 025° o nitrite males 


36-8 


18-0 


Stomach contents of 0-25", » nitrite females 


13 5 


15-2 



ND = Not delected NDMA « N-Nitrosodimethylamine 
Nitrosamines other than NDMA were not detected. 



tumours in the controls was very high. Comparing the 
total incidence of tumours in treated and control 
groups is therefore of little value. None of the tumour 
types had a significantly higher incidence among 
treated animals than among controls. The age-related 
tumour incidences also demonstrated a lack of effect 
of the treatments. 

The most interesting result in the intergroup differ- 
ence in the incidence of leukaemias. The incidence of 
mononuclear cell leukaemias was relatively high in all 
the control groups. F-344 rats have a high incidence of 
spontaneous mononuclear cell leukaemias. The spon- 
taneous incidence has been reported as 31 0 o in males 
and 21°„ in female rats (Sass et al. 1975) and as about 
25° 0 (Moloney, 1970). The incidence of the leukaemias 
in the controls in our studies was about the same or 
slightly above these previous reports but the incidence 
in experimental groups was much lower. The reason 
for this reduction in the incidence of spontaneous 
leukaemias is not clear but in treated rats there was 
slight atrophy of the haematopoietic organs such as 
the spleen and lymph nodes. This finding may be im- 
portant in the reduction of leukaemias. 

Our results were widely different from those of 
Newberne (1979) but as previously mentioned New- 
berne's data have been invalidated. Mirvish ex al. 
(1980) reported that sodium nitrite induced papil- 
lomas of the forestomach in Wistar rats but in our 
sodium nitrite study only one female rat in the OT25° n 
group developed forestomach papillomas. 

Sodium nitrite is a precursor of /V-nitroso com- 
pounds and in combination with secondary amines 
can form nitrosamines in food or in the body. Sodium 
nitrate is also a precursor of N-nitroso compounds 
since it can be reduced to the nitrite either in the body 
or in food (Heisler et al. 1974; Ishiwata et al. 1975). 

Aoyagi, Matsukura, Uchida et al. (1980) recently 
reported induction of liver tumours in Wistar rats 
by sodium nitrite given in pelleted diet. Volatile N.~ 
nitroso compounds, especially NDMA were detected 
at ppm levels in the pelleted diet used and they dis- 
cussed the possibility that N-nitroso compounds 



formed in the treated diets were the main cause of 
liver tumours. 

In our studies, there was more NDMA in the diet 
containing sodium nitrate than in the basic diet, and 
NDMA was detected in the stomach contents of rats 
given sodium nitrite or nitrate, although no nitros- 
amine was detected in the stomach contents of con- 
trol animals. But the amount of NDMA detected in 
our studies was very low compared with the mini- 
mum carcinogenic dose reported by Terracini, Magee 
& Barnes (1967). It is well known that the main target 
organs of NDMA are the liver and the kidney in rats. 
In our studies the incidence of liver tumours in ex- 
perimental groups was no higher than that among the 
controls and there was also no treatment-related 
effect on the incidence of kidney tumours. These 
results suggest that the tumours including liver 
tumours observed in our studies were not due to 
NDMA. 

It is concluded that sodium nitrite and sodium 
nitrate did not have carcinogenic activity in F-344 
rats when they were administered continuously in the 
drinking water or diet for 2 yr. It is, however, very 
important to reduce the level of these chemicals in 
foods, because it is known that they are precursors of 
the carcinogenic /V-nitroso compounds. 

Acknowledgement — We thank Dr A. Tanimura, Chief, Div- 
ision of Food Additives, National Institute of Hygienic 
Sciences, for testing the stability of sodium nitrate in 
the diet and for the analysis of nitrosamines in the diets, 
drinking-water and stomach contents 
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Summary 

Compounds mutagenic toward Salmonella typhimurium strain TA98 in the presence of rat-liver 
homogenates (S9) were formed when fish flesh was fried at 199 °C Three species of Hawaiian fish 
commonly consumed in Hawaii (skipjack tuna, Katsuwonus pelamis; yellowfin tuna, Neothunnus macrop- 
terus; and milkfish, Chanos chanos) were cooked in an electric skillet, along with samples of sole 
{hficrostomus pacificus). Organic extracts of the fish were tested in the Ames Salmonella mutagenic assay 
using tester strain TA98 and S9. Basic organic extracts of fried, but not raw, samples exhibited significant 
mutagenicity. The levels of mutagenicity were also higher among the red flesh Hawaiian fish ('ahi, aku and 
awa) than with the white flesh sole. Creatine and creatinine contents were highest in the Hawaiian fish and 
lower in the sole. Creatine levels in the fish were 50-100 times greater than the creatinine content and 
varied from a high of 645 mg/100 g wet weight of fish for yellowfin tuna to a low value of 251 mg/100 g 
for sole. Mutagen levels are only approximately related to creatine/creatinine levels suggesting that other 
components contained in these fish may be as important as the guamdines in determining the levels of 
mutagen in the cooked fish. 



Through previous studies, it has been shown 
that the cooking procedure has a strong influence 
on the mutagenicity of a food item. For example, 
beefsteak, hamburger and fish that had been grilled 
over a gas flame were found to contain high levels 
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of mutagens on their charred surface (Nagao et 
al., 1977; Commoner et al., 1978; Sugimura, 1979). 
Beefsteaks, sausages and pork chops grilled over 
charcoal also contained potent mutagenic poly- 
cyclic aromatic hydrocarbons (Lijinski and Shubik, 
1964, 1965; Fabian, 1968; Fritz, 1973). In ad- 
dition, heated beef and beef extract were also 
found to be mutagenic (Commoner et al., 1978). A 
survey of the major sources of cooked protein 
foods in the American diet by Felton et al. (1982a) 
showed that most meats, when cooked to a well- 
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done but non-charred state, contain mutagens ac- 
tive in the Salmonella bioassay. The first signs of 
charring on samples of chicken, eggs, beef, and 
pork were associated with high levels of activity. 
For most of these samples, mutagenicity tended to 
increase with increasing charring. In another 
survey by Felton et al. (1982b), seafood samples 
(red snapper, salmon, trout, halibut and rock cod) 
gave a variety of results, but all gave more than 
1000 revertants/100 g wet weight equivalents using 
TA1538 when pan-fried or griddle fried for about 
6 min/side. These results are similar to ours since 
more than 1000 revertants/100 g wet weight 
equivalents were produced using TA98. 

In general, cooking methods that use tempera- 
tures near 100 °C result in low or nondetectable 
activity. The processes of stewing, boiling and 
poaching, which cook near 100 °C, result in low 
mutagenic activity regardless of the type of food 
(Felton et al., 1982a). It has been reported that 
microwave cooking, also a low-temperature pro- 
cess, produces no mutagenic activity (Dolara et 
al., 1979). Cooking methods such as oven roasting 
and baking, which heat food by indirect convec- 
tion, appeared to produce low to intermediate 
levels of mutagenic activity in most foods. Frying 
and broiling, cooking procedures that heat foods 
by conductive and radiative processes, tended to 
be associated with the highest levels of mutagenic- 
ity. Thus, the rates of mutagen production in the 
tested foods become appreciable at temperatures 
greater than 100 °C, and are greatly increased by 
cooking methods that use direct high-temperature 
processes (Felton et al., 1982a). 

As a result of these findings, food typical to the 
Hawaiians' diet has been researched for possible 
mutagens. In a previous study, common Hawaiian 
fish that are eaten dried and salted were examined 
and found to contain mutagenic substances 
(Mower and Ichinotsubo, 1982). In our study on 
mutagen formation during the frying of fish, three 
fish commonly eaten in Hawaii and elsewhere in 
the Pacific were fried and their levels of mutage- 
nicity compared to their raw state. Two of the fish 
('ahi or yellowfin tuna and aku or skipjack tuna) 
together account for more than half of the total 
pounds of commercial fish caught in Hawaii in 
1986 (Department of Business and Economic De- 
velopment, 1987). 



Materials and methods 

The fish fillets, skipjack or striped tuna, 
Katsuwonus pelamis (local name aku), yellowfin 
tuna, Neothunnus macropterus (local name 'ahi), 
and milkfish, Chanos chanos (local name awa), 
were obtained from a local market in fresh condi- 
tion. The sole, Microstomia pacificus, was also 
obtained from a local market but frozen. All 
chemicals used were ACS grade or better. The 
dichloromethane was Baker 'Analyzed.' 

Analysis of creatine and creatinine 

Creatine and creatinine were analyzed in fresh 
uncooked fish using the Sigma Chemical Co. di- 
agnostic kit No. 555. The analytical procedure of 
this kit was changed to allow the measurement of 
creatine as well as creatinine. This was done by 
using the procedure of Lambert (1945). A 2-3 g 
sample was cut from the fish and homogenized in 
5 vol. of creatinine color reagent [0.6% picric acid 
and sodium borate at pH 8.25 (reagent No. 555-1)]. 
The homogenate was then divided into two ap- 
proximately equal portions. One portion was auto- 
claved for 80 min to convert the creatine of the 
sample to creatinine. After cooling of the auto- 
claved sample, both samples were then centrifuged 
for 10 min at 7000 X g and the supernatants were 
analyzed according to the Sigma procedure. 

Cooking procedure 

Samples of each of the four fish were fried in 
an electric skillet, lightly greased with vegetable 
oil. The 'ahi, aku and awa were fried in fillets of 
0.5 inch (average weight of 67 g) for 6 min on each 
side, 4-5 fillets at a time, at a temperature of 
199 °C. Fish fillets are commonly prepared by 
frying at temperatures of about 200 °C (Iwaoka 
and Krone, 1981). The sole was also fried in a 
similar manner but for 4 min per side, a time 
which has been shown to yield the maximum 
number of mutagens for sole (Iwaoka and Krone, 
1981). These conditions produced a final cooked 
fish that was considered adequately cooked but 
not 'overdone' or charred. The temperature during 
frying was recorded at the surface of the fillet in 
contact with the skillet and measured with a Tem- 
perature Indicator Potentiometer (Leeds and 
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Northrup Co., Philadelphia, PA) using an iron 
constantan thermocouple. 

Isolation and concentration of mutagens 

Samples of raw fish of each species and their 
respective cooked samples (including the added 
oil) were homogenized with 2-3 times the volume 
equivalents of methyl alcohol in a Waring blender, 
then filtered through glass wool in a Buchner 
funnel with slight suction. The homogenization 
was repeated and the filtrate was then placed in a 
rotary evaporator and the solvent removed at re- 
duced water pump pressure at 35-40 °C. Distilled 
H 2 0, 150 ml, was then added to dissolve the 
residue and the solution was acidified to pH of 2.5 
with the addition of HCL After being extracted 3 
times with dichloromethane, the acidic organic 
extract was dried over sodium sulfate and the 
dichloromethane removed by rotary evaporation. 
The aqueous extract was adjusted to a pH of 10.5 
by the addition of NaOH and extracted another 3 
times with dichloromethane. The basic organic 
extract was also dried over sodium sulfate and the 
dichloromethane removed by rotary evaporation. 
The residues were taken up in volumes of 15 ml of 
dichloromethane. This extraction procedure has 
been studied extensively and found to concentrate 
mutagens from cooked fish without producing 
artifactual mutagenicity (Iwaoka and Krone, 
1981). 

Mutagenesis assay 

Aliquots of the organic extracts were placed in 
13 X 100 mm sterile culture tubes, the dichloro- 
methane removed under a stream of dry nitrogen 
and 250 /il of dimethyl sulfoxide added. These 
residues were then tested for mutagenicity accord- 
ing to the procedure described in Ames et al. 
(1975) using Salmonella typhimurium strain TA98 
with the addition of 100 fil S9 mix containing 10% 
Aroclor-induced rat-liver S9 preparation. All ex- 
periments were repeated at least once. Two or 
more plates for all dose levels were included in 
each run. Plates were examined with a dissecting 
microscope for any indication of background lawn 
toxicity. Spontaneous revertants, in the absence of 
S9, were 38 ± 5 for extracts of fried awa and 'ahi 
and 30 ± 5 for extracts of fried aku and sole. 
Positive controls ( — S9) were 2,4,7-trinitro-9-fluo- 



renone (2,4,7-TNFone) (-S9) and 2-aminofluo- 
rene (2-AF) ( + S9). The number of revertant col- 
onies routinely produced with these controls was 
similar to published values (Maron and Ames, 
1983). Cultures of TA98 were routinely examined 
for ampicillin resistance and the deep rough (rfa) 
character (Maron and Ames, 1983). Results were 
recorded as mutagenic activity ratio (MAR). This 
was calculated by dividing the number of re- 
vertants on the test plate by the number of col- 
onies on the solvent control plate. Significant 
mutagenicity was present in an extract if the 
mutagenic activity ratio (MAR) > 2.0. The MAR 
was often referred to the gram equivalent (gE) of 
the extract applied to the test plate. The gE is the 
weight of cooked fish that was processed to give 
the extract that was applied to the test plate. 

Results 

The results of the creatine and creatinine analy- 
sis of each fish are shown in Table 1. Creatine 
levels exceed those of creatinine by factors of 
50-60 for each of the fish. 

Mutagenic activity was observed in the basic 
organic extracts from fried samples of all fish 
species tested (Fig. 1). Metabolic activation with 
rat-liver homogenates (S9) was required to pro- 
duce the mutagenicity. Basic extracts from the 
uncooked samples, as well as the acid extracts 
from all samples, exhibited little or no mutagenic- 
ity, even with the inclusion of microsomal en- 
zymes. 

The frying of *ahi, aku and awa produced higher 
levels of mutagenicity than that of the sole. In an 
earlier study by Iwaoka and Krone (1981), sole 
that was fried for the same time (4 min per side) 



TABLE i 

CREATINE, CREATININE AND MOISTURE CONTENT 
OF FISH 



Fish 


%watcr 


Creatine a 


Creatinine 8 


'Ahi 


74.1 


645.8 


12.9 


Aku 


72.6 


272.8 


4.4 


Awa 


77.8 


411.2 


4.5 


Sole 


82.9 


251.0 


2.5 



a mg/100 g wet weight fish. 
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Fig. 1. Mutagens in fried fish. 



in a similar manner but at 190 °C produced a 
MAR of 7.8 for basic extract from 20 gE (gram 
equivalents) uncooked fish (extract obtained from 
the final DMSO solution of 20 g of fish) using 
strain TA98 with S9. In our study (Table 2), a 
MAR of 12 was obtained under similar conditions 
but at 9°C higher. Although a small increase in 
temperature produced a significant increase in 
MAR for the sole, the MAR values are much 
greater in the red flesh Hawaiian fish at a slightly 
higher temperature and cooking time when com- 
pared to several white or red flesh fish from a 
previous study (Iwaoka and Krone, 1981). For 20 
gE uncooked fish, the MAR of the awa, 'ahi and 
aku are 20, 22 and 56, respectively. These values 
are much higher than those obtained by Iwaoka 
and Krone for 20 gE sole, salmon, turbot, and 
snapper (Table 2). 



TABLE 2 

MUTAGENIC ACTIVITY OF FISH CAUGHT IN TROPI- 
CAL WATERS vs. FISH CAUGHT IN COLDER WATERS 
USING 20 gE (GRAM EQUIVALENTS) UNCOOKED FISH 



Fish 


Time fried 
(min/side) 


Temperature 


MAR 


Awa a 


6 


199°C 


20 


Whi a 


6 


199 °C 


21 


Aku a 


6 


199 °C 


56 


Sole* 


4 


199°C 


12 


Sole b 


4 


190°C 


7.8 


Salmon b 


4 


190°C 


7.1 


Turbot b 


4 


190°C 


2.8 


Snapper b 


4 


190°C 


6.0 



a Our study. 

b Iwaoka and Krone (1981) 



TABLE 3 

MUTAGENICITY ACTIVITY OF FISH CAUGHT IN 
TROPICAL WATERS vs. FISH CAUGHT IN COLDER 
WATERS USING 100 gE (GRAM EQUIVALENTS) UN- 
COOKED FISH 



Fish 


Time fried 
(min)/side 


Temperature 


MAR 


Awa a 


6 


199° C 


134 


'Ahi a 


6 


199 °C 


135 


Aku* 


6 


199° C 


282 


Sole a 


4 


199 °C 


116 


Rock cod b 


6 


280 °C 


60.4 


Trout b 


6.5 


280 °C 


140.9 


Salmon b 


6 


280 °C 


127.3 


Red snapper b 


5.5 


280 °C 


113.6 



a Our study. 

b Felton et al. (1982a). 



In a study by Felton et al. (1982a) using 100 gE 
uncooked fish and strain TA1538, the MAR val- 
ues for rock cod, trout, salmon, turbot and red 
snapper that had been fried at a considerably 
higher temperature are not very much higher than 
those of the awa, 'ahi and aku (Table 3). In 
general, the MAR values obtained using TA98 
and TA1538 are very similar (Iwaoka and Krone, 
1981), but one would expect a significant increase 
in MAR with an increase in terrlperature of 81° C. 
Instead, trout fried for 6.5 min/side at 280 °C 
yielded a MAR of 140.9, which is only slightly 
higher than the awa and 'ahi fried for 6 min/side 
at 199° C with a MAR of 134 and 135, respec- 
tively. The MAR values for the other white or red 
flesh fish fried at 280 °C are all lower than those 
of the red flesh Hawaiian fish fried at 199 °C 
(Table 3). In summary, 2-8 times more mutagens 
were formed in red flesh fish at slightly higher 
cooking temperatures and cooking times than in 
the fish studied by Iwaoka and Krone, and about 
the same number of mutagens were formed at 
cooking temperatures 80 °C less than in the fish 
studied by Felton et al. (1982a). 

Discussion 

Fish consumption has been steadily rising in 
the U.S.A. The recent information about the ad- 
vantages of the w-3 polyunsaturated fatty acids 
from certain ocean fish in reducing the risk of 
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heart disease undoubtedly has contributed to this 
increasing trend. However, eating large amounts 
of fish may not be without some disadvantages, 
particularly if certain cooking processes are used. 
In our study, the effects of frying as a procedure 
of cooking fish resulted in the formation of com- 
pounds with significant mutagenicity, as had been 
formed previously in the other studies on the 
effects of cooking on high-protein foods. In gen- 
eral, during the frying of the fish, there was a 
considerable amount of water loss from the tis- 
sues. Foods having a high protein content with a 
low water content were shown to give high levels 
of mutagenicity (Uyeta et al., 1979). In the study 
by Felton et al. (1982a), there was an indication 
that fish containing more pink or red color in the 
flesh were more susceptible to the formation of 
mutagens than white flesh fish. This study seems 
to support that finding. 

The fried red flesh of the 'ahi, aku and awa 
appears to have a greater level of mutagenicity 
than the lighter colored flesh of sole, possibly 
indicating the presence of a greater number of 
precursor compounds in the Hawaiian fish. It has 
been reported by a number of investigators (see C. 
de Meester, 1989 for a summary of these observa- 
tions) that creatine and creatinine can react with a 
variety of simple sugars and amino acids to form 
IQ, MelQ, 4,8-DiMeIQ and PHP. We therefore 
measured the amounts of these guanido deriva- 
tives in the fish we are studying in this report. The 
results, shown in Table 1, indicate as expected 
that sole contains lower amounts of creatine and 
creatinine than do the Hawaiian fish. Among the 
red fleshed fish, 'ahi contains the highest amount 
of the guanido derivatives. The levels that we 
report here are ~ 78% higher than those reported 
by T. Suzuki et al. (1989). These high levels in 'ahi 
are, however, not translated into proportionally 
higher levels of mutagens compared to aku and 
awa which contain much lower amounts of crea- 
tine and creatinine but form as high a level of 
mutagens on cooking as does 'ahi. This dis- 
crepancy may be due to limiting amounts of 
coreactants, such as sugars or appropriate amino 
acids in the 'ahi. 

In the U.S.A., over 80% of tuna catches are 
processed by canning and 1.4 billion pounds of 
canned fishery products are produced annually 



(Anon., 1982). However, oil packed tuna has a 
MAR of only 3.8 for 80 gE raw fish and water 
packed tuna contains no detectable or very low 
levels of mutagens (Krone and Iwaoka, 1987). 
Perhaps it is because of the low temperature used 
(102 °C) and the procedure of steaming, as op- 
posed to frying, in the precooking process (Whea- 
ton and Lawson, 1985) that the extent of mutagen 
formation is low in canned tuna. 

The mutagens produced during the cooking, 
but not charring, of high-protein foods such as 
fish, meat and poultry were found to be due to the 
presence of imidazo-quinoline/quinoxaline and 
imidazo-pyridine type compounds. Examples of 
these types of mutagens which have been found 
include IQ (2-amino-3-methyl-imidazo[4,5-/ ]- 
quinoline), MelQ (2-amino-3,4-dimethylimidazo- 
[4,5-/]quinoline), MelQx (2-amino-3,8-dimethyl- 
imidazo[4,5-/]quinoxaline), and DiMelQx (2- 
amino-3,4,8-trimethylimidazo[4,5-/]quinoxaline) 
(Kasai et al., 1980a,b, 1981; Becher et al., 1988). 
The specific mutagenic activities of IQ, MelQ and 
MelQx are very high towards S. typhimurium 
TA98 with S9, showing 433000, 661000 and 
145 000 revertants//tg, respectively (Sugimura, 
1986). IQ has been shown to be a strong inducer 
of unscheduled DNA synthesis in liver cells and is 
carcinogenic in mice and rats (Barnes et al., 1985; 
Ohgaki et al., 1984; Takayama et al., 1984). MelQ 
added to the diets of mice induced tumors in the 
forestomach and livers of these animals (Ohgaki et 
al., 1985). Recently, substituted imidazopyridines 
such as TMIP (2-amino-A^,A^,iV-trimethylim- 
idazopyridine), DMIP (2-amino-Af, N-dimethylim- 
idazopyridine), and PhIP (2-aminol-methyl-6- 
phenylimidazo[4,5-Z>]pyridine have been found to 
be mutagenic (Becher et al., 1988). 
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SUMMARY 

1. Creatine feeding increases the oxidative capacity of type 
1 skeletal muscle fibres and, in soleus muscles, consisting 
mainly of type 1 fibres, increases fatigue resistance. The 
diaphragm contains a relatively large content of type 1 fibres 
and respiratory muscle fatigue is a cause of respiratory failure. 
The aim of the present study was to determine whether 
creatine supplements increase fatigue resistance in the 
diaphragm. 

2. Rats were given creatine monohydrate (2.55 g/L) in the 
drinking water. After 5-6 days, isometric contractile properties 
were measured in strips of costal diaphragm in Krebs' solution 
at 30«C. Measurements were also made in soleus muscle strips. 
Values for strips from creatine-fed rats were compared with 
those from control rats. 

3. Creatine feeding did not increase fatigue resistance and 
had no effect on twitch or tetanic tension or twitch kinetics in 
the diaphragm. Creatine increased fatigue resistance in soleus 
muscles, as reported previously. 

Key words: contraction, creatine, diaphragm. 



INTRODUCTION 

Creatine exists in skeletal muscle as free creatine (Cr) and 
phosphocreatine (PCr). Phosphocreatine is a rapidly available 
energy source for skeletal muscle contraction. In humans and rats, 
dietary Cr supplements increased Cr and PCr concentrations in 
skeletal muscle 1 " 3 and improved exercise performance. 1,3 ' 4 In addi- 
tion, Cr feeding in rats increased citrate synthase (CS) activity in 
type 1 fibres, 3 indicating increased oxidative capacity, but had no 
effect on CS activity in type 2 fibres. 3 Consistent with this, Cr 
feeding increased fatigue resistance in soleus muscles 5 containing 
84% type 1 fibres, 6 but had no effect on fatigue resistance in 
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extensor digitorum longus (edl) muscles 5 containing 4% type 1 
fibres. 6 

Forty-five per cent of fibres in the rat costal diaphragm are type 
1 fibres, 7 so Cr feeding could increase CS activity and, con- 
sequently, fatigue resistance in this muscle. Therefore, in the 
present study we have examined the effects of dietary Cr supple- 
ments on the contractile properties of the diaphragm. Because 
respiratory muscle fatigue is one of the causes of respiratory 
failure, 8 the possibility that Cr may improve fatigue resistance in 
the diaphragm was worth investigating. In some experiments, 
fatigue resistance in soleus muscles was evaluated because this was 
shown previously to increase following Cr feeding. 5 

METHODS 

All procedures were performed in accordance with national legislation 
under the Cruelty to Animals Act, 1876 and EU Directive 86/609/EC. 
Treatment of the rats and measurement of contractile properties were as 
described previously. 5 Briefly, male Wistar rats (365-395 g) were randomly 
divided into two groups of seven. One group was given creatine mono- 
hydrate (2.55 g/L) in the drinking water. After 5-6 days, rats were anaes- 
thetized (pentobarbitone sodium; 60mg/kg, i.p.) and the soleus and 
diaphragm muscles were removed rapidly and placed in oxygenated (95% 
02-5% CO2) Krebs' solution of the following composition (in mmol/L): 
NaCl 120; NaHCOs 25; NaH 2 P0 4 .2H 2 0 1.2; MgS0 4 .7H 2 0 1.2; KC1 5.0; 
calcium gluconate 2.5; glucose 1 1.5. The diaphragm was divided along its 
central tendon and a small costal strip was dissected from one hemidia- 
phragm and suspended vertically in an organ bath containing oxygenated 
Krebs' solution maintained at 30°C and pH 7.4. The costal margin of the 
diaphragm strip was anchored to the base of the bath and the central tendon 
was attached to an isometric force transducer mounted on a micro- 
positioner. Preparation of soleus muscle strips was as described previously. 5 
In diaphragm muscle strips, isometric twitch tension, tetanic tension, 
contraction time, half-relaxation time, the tension-frequency relationship 
and fatigue were measured at resting length using field stimulation 
(supramaximal voltage, 1 msec duration) with platinum plate electrodes. 
Following an equilibration period of 30 min, a single twitch was elicited. 
The tension-frequency response was then determined using stimulation 
trains of 300 msec at frequencies of 20-100 Hz in increments of 20 Hz. Ten 
minutes after the tension-frequency determination, fatigue was induced 
using a fatigue protocol of 30 Hz trains every 2 s for 5 min. Fatigue, 
evaluated at 5 min of the fatigue protocol described above, was the only 
contractile measurement made in soleus muscle strips. 

Data analysis 

Specific tension was calculated in Newtons per strip cross-sectional area 
(N/cm 2 ). To calculate the latter, the muscle strip was blotted dry and 
weighed. The weight was then divided by the product of the optimal length 
and muscle density, assumed to be 1 .056 mg/mm 3 . For fatigue, values were 



Creatine and diaphragm function 783 



Table 1 Effects of creatine feeding on the contractile properties of diaphragm muscle 





Twitch tension 
(N/cm 2 ) 


Tetanic tension at 
100Hz(N/cm2) 


Contraction 
time (s) 


Half-relaxation 
time (s) 


Fatigue (% initial 
tension) 


Control (w = 7) 
Cr fed (n = 7) 


3.93 ±0.82 
4.20 ±1.42 


16.28 ±2.70 
17.45 ±5.46 


0.038 ±0.004 
0.040 ±0.005 


0.035 ±0.005 
0.033 ±0.005 


53.14 ±6.00 
52.07 ±8.10 



Values are the mean±SD, with n indicating the number of rats. Fatigue values are tension at 5 min of the fatigue protocol as a percentage of tension at 
0 min. 



Values for diaphragms from creatine (Cr)-fed rats were not significantly different from those of control rats. 



normalized by expressing the tension generated by the stimulus trains at 1, 
2, 3, 4 and 5 min as a percentage of that generated by the stimulus train at 
0 min. Values for specific twitch and tetanic tensions, contraction times and 
half-relaxation times and fatigue were expressed as the mean±SD and used 
to compare statistically the control and creatine-fed groups using anova. 
P < 0.05 was taken as significant. 

RESULTS 

Based on their water intake of 120 ± 9 mL/kg per day (n = 7), each 
Cr-fed rat consumed 0.307 ± 0.023 g Cr monohydrate/kg body- 
weight (equivalent to 0.270 g Cr/kg) per day. 

In diaphragm muscles, Cr feeding had no effect on twitch or 
tetanic tension, twitch kinetics or fatigue resistance evaluated at 
5 min of the fatigue protocol (Table 1). Fatigue resistance in the 
diaphragm evaluated at 1 , 2, 3 and 4 min of the fatigue protocol was 
similarly unaffected by Cr feeding. Tension at these times, 
expressed as a percentage of tension at 0 min, was 101 ± 5, 86 ± 6, 
68 ± 6 and 59 ± 7% (n = 7), respectively, compared with corres- 
ponding values in control diaphragms of 97 ±4, 88 ±3, 
73 ± 4 and 61 ± 2% (n = 7). In soleus muscles, Cr feeding 
increased (P < 0.05) fatigue resistance. Tension at 5 min of the 
fatigue protocol, as a percentage of that at 0 min, was 74.5 ± 7% 
(n = 4) compared with a corresponding value of 58.7 ± 6% (n = 3) 
in control muscles. 

DISCUSSION 

Each rat consumed an average of 0.27 g Cr/kg daily. A similar daily 
intake for 4 days significantly increased Cr and PCr concentrations 
in rat skeletal muscles. 3 Therefore, it is reasonable to assume that 
the 5-6 days of Cr feeding in the present study would also have 
increased Cr and PCr in skeletal muscles. However, Cr feeding did 
not increase fatigue resistance in the diaphragm. It did increase 
fatigue resistance in soleus muscles, in agreement with previous 
results. 5 The effect in soleus muscles was attributed 5 to the fibre 
type-dependent increase in CS activity in soleus muscles of Cr-fed 
rats, 3 In the present study, the finding that Cr feeding did not 
increase fatigue resistance in the diaphragm, despite its large 
complement of type 1 fibres, 7 could suggest that Cr did not increase 
CS activity in this muscle. Because CS activity in the diaphragm 9 



is almost twice that in soleus muscles, 3 a differential effect of Cr 
on CS activity in these two muscles could occur if the effect 
depended on the basal level of enzyme activity, as well as fibre 
type. Whatever the reason for the failure of Cr to increase fatigue 
resistance in the diaphragm, it is disappointing in that it excludes 
Cr as a potentially useful agent in attenuating respiratory muscle 
fatigue. 
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ABSTRACT Found in all vertebrates, creatine kinase catalyzes the reversible 
reaction of creatine and ATP forming phosphocreatine and ADR Phosphocre- 
atine may be viewed as a reservoir of "high-energy phosphate" which is able to 
supply ATP, the primary energy source in bioenergetics, on demand. Conse- 
quently, creatine kinase plays a significant role in energy homeostasis of cells 
with intermittently high energy requirements. The enzyme is of clinical im- 
portance and its levels are routinely used as an indicator of myocardial and 
skeletal muscle disorders and for the diagnosis of acute myocardial infarction. 
First identified in 1928, the enzyme has undergone intensive investigation for 
over 75 years. There are four major isozymes, two cytosolic and two mitochon- 
drial, which form dimers and octamers, respectively. Depending on the pH, the 
enzyme operates by a random or an ordered bimolecular mechanism, with the 
equilibrium lying towards phosphocreatine production. Evidence suggests that 
conversion of creatine to phosphocreatine occurs via the in-line transfer of a 
phosphoryl group from ATP. A recent X-ray structure of creatine kinase bound 
to a transition state analog complex confirmed many of the predictions based 
on kinetic, spectroscopic, and mutagenesis studies. This review summarizes and 
correlates the more significant mechanistic and structural studies on creatine 
kinase. 



KEYWORDS energy homeostasis, guanidino kinase, myocardial infarction, phosphagen 
kinase, phosphoryl group transfer, transition-state analogue complex, X-ray structure 



INTRODUCTION 
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Creatine kinase (CK; adenosine-5'-triphosphate:creatine phosphotrans- 
ferase; creatine phosphokinase; phosphocreatine phospho kinase; creatine 
iV-phosphotransferase; EC 2.7.3.2) catalyzes the reversible transfer of a phos- 
phoryl group from MgATP to creatine (Cr), producing phosphocreatine (PCr) 
and MgADP (Figure 1). 

Phosphocreatine was initially identified in muscle tissue (Eggleton & 
Eggleton, 1928). At that time, it was thought to be the chemical source for 
the energy required for muscle contraction. However, not long after, the en- 
zyme now known as creatine kinase was first identified (Lohman, 1934), and 
it was subsequently shown that ATP was formed by transfer of a phosphoryl 
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FIGURE 1 Reaction catalyzed by creatine kinase. 
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group from PCr (Lehmann, 1936). ATP, of course, is 
now known as the mediator of all energy changes within 
the cell. 

There are four major CK isozymes, which have been 
named for the tissues from which they were historically 
isolated. The isozymes have been characterized on the 
basis of differences in gene and amino acid sequence, 
tissue localization and immunogenicity. There are two 
cytosolic forms, the muscle (MM-CK) and brain (BB- 
CK) forms, which exist as dimers under physiological 
conditions. Under some circumstances, cytosolic CK 
can exist as the MB heterodimer (Eppenberger et al. 9 
1967). Immunological studies show that antisera raised 
against MM-CK will not cross react with BB-CK, but 
there is cross reactivity with the same isozyme across 
several species (Chen et aL, 2000). There are also two 
^ mitochondrial forms of the enzyme, the ubiquitous 
I (Mi^-CK) and the sarcomeric (Mi 5 -CK) forms which, 
|^4)ased on their isoelectric point, are sometimes referred 
§ .0 as acidic (Mi^-CK) and basic (Mi^-CK) mitochon- 
$ drial CK, respectively (Wyss etaL 9 1992). The mitochon- 
* drial isoforms (MtCK) generally exist as octamers but 
can be readily dissociated into dimers (Wyss etaL, 1992). 

For many years only the soluble form of creatine 
kinase was known, and the main physiological role as- 
cribed to CK was the maintenance of energy home- 
ostasis at sites of high energy turnover such as rapidly 
contracting skeletal muscle. The high levels of CK 
ensured that ADP and ATP levels remained almost 
constant, effectively buffering the cell against rapid 
depletion of ATP. The discovery of the mitochon- 
drial isozymes showed that CK was located in indi- 
vidual "compartments" and the concept of a creatine- 
phosphocreatine shuttle was developed. Here distinct 
isozymes are associated with sites of ATP production 
and consumption, and they fulfil a role of a trans- 
port mechanism for high energy phosphates. Further 
discussion on the physiological role of CK, as well 
as the Cr-PCr shuttle, may be found in a special 
edition of Molecular and Cellular Biochemistry (Saks & 
/^Ventura- Clapier, 1994) as well as in the review by 
^allimann etaL (1992). 



Sequence Homology and Evolution 

Creatine kinase is a member of the phosphagen 
(guanidino) kinase family. This family of enzymes is 
highly conserved and is found throughout the animal 
kingdom. Other members of the family include arginine 
kinase (AK), glycocyamine kinase (GK), taurocyamine 
kinase (TK), and lombricine kinase (LK). The structures 
of the various naturally occurring guanidino acceptors 
are shown in Figure 2. Creatine kinase is the only 
phosphagen kinase found in vertebrates, but it is also 
found in many invertebrates, including sponges, poly- 
chaetes, and echinoderms (Robin, 1964; Watts, 1968, 
1971, 1975; Ellington, 2001). The phosphagen kinases 
are distributed along distinct phylogenetic and, some- 
times, tissue-specific lines (Ellington, 2001). It has long 
been thought that AK is the most primitive phosphagen 
kinase and that the other members of the family arose 
by gene duplication followed by divergent evolution 
(Watts, 1971, 1975; Suzuki et aL, 1998). The fact that 
creatine kinase is present in sponges, the oldest of all 
multi-cellular animals, also suggests that the divergence 
of creatine kinase from an arginine kinase-like ancestral 
protein occurred very early (Sona etal. y 2004). 

Four independent nuclear genes have been found 
to encode the individual isozymes of CK (Muhlebach 
etaL, 1994). Detailed analyses of the properties of these 
genes, including details of structure and regulation, can 
be found in reviews by Qin et aL (1998) and Suzuki 
etaL (2004). The full-length sequence of a mitochondrial 
isozyme is about 35 residues longer than that of its cy- 
tosolic counterpart. The additional residues belong to a 
leader peptide which is removed proteolytically, either 
during or after translocation across the mitochondrial 
membrane (Pfanner & Geissler, 2001). The mature gene 
products are between 40 and 44 kDa and, within each 
class of isozyme, amino acid sequence identities range 
from 85% to more than 99% (Muhlebach etaL, 1994; 
Qin et aL, 1998). The two cytosolic isozymes exhibit 
ca. 80% sequence identity, as do the two mitochon- 
drial isozymes. However, the cytosolic and mitochon- 
drial isozymes share only 60% to 65% sequence identity 
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FIGURE 2 Structures of naturally occurring substrates for phosphagen kinases. 



(Miihlebach etal, 1994). Overall the sequence data con- 
firm that the CKs are an evolutionarily conserved group 
of enzymes and suggest that the separation of the mito- 
chondrial and cytosolic forms was due to a gene dupli- 
cation event which occurred early in phylogeny. This, 
in turn, was followed by a second duplication event 
that gave rise to the two mitochondrial and two cytoso- 
lic isozymes (Miihlebach et al„ 1996; Qin etal, 1998; 
Pineda & Ellington, 1999). 

The amino acid sequences of the CK isozymes show 
six regions of extensive homology which are flanked by 
seven more variable regions (Miihlebach et al, 1994). 
Consequently, there have been several studies aimed at 
linking regions of conserved sequence with function. 
For example, it was thought that the residues respon- 
sible for the membrane binding of mitochondrial CK 
were probably located in the C-terminal region of the 
protein (Fritz-Wolf et al, 1996; Kabsch & Fritz-Wolf, 
1997), a proposal that has been recently confirmed by 
Schlattner etal (2004). The residues likely to be impor- 



tant for octamer formation, on the other hand, are lo- 
cated in the N-terminal region (Kaldis etal, 1993, 1994). 
Of the two cytosolic isozymes it has been shown that 
only the muscle isoform interacts with the sarcomeric 
M-line. The interaction has been traced to two lysine 
pairs, which are highly conserved in MM-CK but which 
are not present in BB-CK (Hornemann et al, 2000b). 
From a mechanistic standpoint, there are two signifi- 
cant regions of highly conserved sequence. These are 
the negatively charged NEED-box (Eder et al, 2000b; 
Cantwell etal, 2001) and the region surrounding a cys- 
teine residue, which is highly susceptible to chemical 
modification (Kenyon & Reed, 1983; Furter etal, 1993). 
Both of these regions are conserved across all phospha- 
gen kinases and play a major role in the catalytic mech- 
anism {vide infra). 

In addition to the cytosolic and mitochondrial 
isozymes, another gene coding for a unique flagellar iso- 
form (fCK), consisting of three fused creatine kinase do- 
mains, is found in many protostome and deuterostome 
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invertebrates and in a protochordate (Suzuki et al, 
2004). It is thought that the gene arose as a result of 
a duplication/fusion process followed by an unequal 
^crossing over resulting in gene triplication (Wbthe etal, 
.990). Phylogenetic analysis suggests that the flagellar 
isozyme is more closely linked to the cytosolic forms, 
but that the data are somewhat equivocal (Suzuki etal, 
2004). Given that no fCK has yet been characterized, 
it is included in this discussion only for the sake of 
completeness, and will not be referred to again. 

PHYSICAL AND CATALYTIC 
PROPERTIES 

The earliest detailed review of the creatine kinase lit- 
erature was that of Kuby and Noltmann (1962). Ten 
years later, the review of Watts (1973) appeared, to be 
followed another decade later by that of Kenyon and 
Reed (1983). While these three reviews have summa- 
rized the majority of the early studies on CK, many of 
the salient points, and some of the more recent work, 
are described below. 

Purification, Assay and Physical 
^ Properties 

The first purification of CK (Kuby et al, 1954) as 
• well as the majority of the early studies of the physi- 
cal properties and structure of creatine kinase were car- 
ried out on the enzyme isolated from rabbit muscle 
(RMCK). In the presence of divalent cations, at high 
ionic strength and low temperature, the enzyme could 
be separated from other proteins by fractionation with 
ethanol (Kuby etal, 1954). This became the most com- 
monly used isolation method, although development 
of affinity chromatography using Blue Sepharose fol- 
lowed by ion-exchange has removed the necessity for 
ethanol precipitation (Chen etal, 2000). 

As creatine kinase is of major clinical interest, partic- 
ularly as a marker for myocardial infarction, there have 
been many methods developed for the assay of CK 
activity. The rate of creatine formation could be fol- 
lowed by reaction with an a-naphthol-diacetyl reagent 
(Eggleton et al, 1943), whereas that of phosphocrea- 
tine formation was followed colorimetrically as the acid- 
molybdate-labile phosphate (Kuby et al, 1954). These 
stop procedures were later replaced by continuous spec- 
/^Mxophotometric methods using coupled enzyme sys- 
tems. Reaction in the forward direction (production 
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of phosphocreatine) may be followed at 340 nm by 
coupling to pyruvate kinase and lactate dehydroge- 
nase as described by Tanzer and Gilvarg (1959). Con- 
versely, ATP production (the reverse reaction) may 
also be followed at 340 nm by coupling to hexok- 
inase and glucose-6-phosphate dehydrogenase as ini- 
tially described by Oliver (1955) and later by Rosalki 
(1967). Another routinely used continuous assay, par- 
ticularly for the forward reaction, is the pH-stat assay of 
Mahowald et al (1962), which takes advantage of the 
fact that a proton is generated when phosphocreatine 
is produced (Figure 1). One advantage of the latter 
method is that it shows less interference from other 
enzymatic activities and, consequently, can be used 
with crude enzyme preparations. However, if this as- 
say is used for the reverse reaction it should be noted 
that, at pH values below 6.0, PCr transphosphorylation 
and H + consumption are no longer equimolar and pH- 
stat values must be corrected accordingly (Furter et al, 
1993). 

Early sedimentation velocity studies suggested a 
molecular weight of 81,000, and that the molecule be- 
haved as an unhydrated ellipsoid (Kuby & Noltmann, 
1962). Later it was shown that creatine kinase consisted 
of two readily dissociable subunits, with no disulfide 
bridges, and a molecular weight of 82,600 Da. For other 
species, the molecular weight varied between 78,500 
and 85,100 Da. Further sedimentation studies showed 
that denaturation with guanidinium chloride first disso- 
ciated and then unfolded the subunits into random coil 
configuration, whereas sodium dodecyl sulfate caused 
them to dissociate without any apparent loss of struc- 
tural organization. Overall it was concluded that the 
enzyme comprised two cigar-shaped subunits lying side 
by side (Watts, 1973). 

Although the cytosolic isozymes are found as dimers, 
their mitochondrial counterparts are generally oc- 
tameric. However, when placed in a 'transition-state 
analog complex 5 (TSAC) mixture comprised of creatine, 
MgADP and planar anions such as nitrate, nitrite and 
formate (Milner-White & Watts, 1971), octameric Mi b - 
CK dissociates into dimers (Gross & Wallimann, 1993). 
Consequently it appeared that the minimal catalytically 
active form of CK was the dimer, but this remained the 
subject of some conjecture. 

Another of the continuing debates relates to the role 
of the individual subunits in catalysis. The early stud- 
ies on the CK subunits, reviewed by Bickerstaff and 
Price (1978), focused on the behavior of the isolated 
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subunits. They established that there was a single active 
site per subunit, that the active sites were well sepa- 
rated, and further, that there was some indication that 
the monomeric form of the enzyme was active. Several 
studies examined the possible non-identical behavior 
of the subunits with evidence being provided to show 
that CK possesses either negative cooperativity or non- 
identical active sites (Price & Hunter, 1976; Bickerstaff & 
Price, 1978). Nevinsky etal (1982), for example, showed 
that the subunits of rabbit muscle CK were functionally 
non-identical, whereas Degani and Degani (1979) sug- 
gested that the subunits were arranged asymmetrically 
and that a dimer was required for activity. More recent 
studies have demonstrated that the subunits act either 
independently (Wang etal, 1990) or independently in 
the forward direction and cooperatively in the reverse 
reaction (Hornemann et al, 2000a). In addition, a ki- 
netic analysis has indicated that the two subunits may 
adopt different tertiary structures and behave as distinct 
entities (Wang & Pan, 1996). 

There was an expectation that this question would 
be conclusively answered when the X-ray structure of 
substrate-bound creatine kinase became available. At 
first glance it was, with the crystallographic asymmetric 
unit of Torpedo californica CK (TcCK) found to contain 
two monomers that were not identical in either con- 
formation or ligand binding state (Lahiri et al, 2002). 
This enzyme was crystallized in the presence of a TSAC 
mixture comprised of MgADP, creatine and nitrate at 
concentrations well above the K\ of the TSAC. Each 
biological dimer was found to contain one monomer 
bound to MgADP and a second monomer bound to 
the TSAC (Lahiri etal, 2002). Certainly this was sugges- 
tive of negative cooperativity yet, almost immediately, 
a mass spectrometric hydrogen/deuterium exchange ex- 
periment demonstrated conclusively that, in solution, 
both subunits of a dimer can bind substrates (Mazon 
etal, 2003). 

What has become clear is that an individual sub- 
unit of CK can catalyze the transphosphorylation re- 
action. This results from a study by Cox et al (2003) 
in which site-directed mutagenesis was employed to 
remove several interactions at the dimer interface of 
RMCK. Several mutants were expressed in a soluble 
form and were purified by affinity chromatography. 
Size-exclusion chromatography and analytical centrifu- 
gation indicated that, at 1 mg/mL, two of them were 
monomeric. Kinetic analysis demonstrated that both 
these mutants were active for reaction in the direction 
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of phosphocreatine synthesis, but the values for both 
creatine and MgATP were about an order of magnitude 
higher than those of the WT enzyme. In addition, the 
data for the one of the mutants could only be fitted 
to the equation for an ordered mechanism wherein cre- 
atine binds first (Cox et al, 2003). These experiments 
provide an unequivocal demonstration that, like the 
lobster arginine kinase, which catalyzes an analogous 
phosphorylation reaction in invertebrates (Morrison, 
1973), creatine kinase can be active as a monomer. 

Substrate Specificity 

Creatine kinase possesses a very narrow sub- 
strate specificity. Of the naturally occurring sub- 
strates for guanidino kinases (Figure 2), only crea- 
tine (N-methylglycocyamine), glycocyamine (Tanzer 
& Gilvarg, 1959) and N-ethylglycocyamine (Ennor 
et al, 1955) were found to be substrates. The list of 
substrates was later expanded (Figure 3) to include 
compounds such as cyclocreatine (l-carboxymethyl-2- 
iminioimidazolidine) and (/^-iV-methyl-Af-amidino-^- 
alanine (Rowley etal, 1971). Cyclocreatine, in partic- 
ular, proved to be useful in showing that creatine is 
phosphorylated on the nitrogen trans to the methyl 
group (Rowley et al, 1971; Struve et al, 1977), while 
other alternative substrates were useful in showing that 
the active site can tolerate only limited steric bulk, 
and that the planarity and orientation of the guani- 
dino group is important for catalysis (McLaughlin 
et al, 1912). More recently, Boehm et al (1996) es- 
tablished that, when a porcine carotid artery, which 
contains a high percentage of cytosolic CK, was per- 
fused with cyclocreatine, guanidinoacetic acid (gly- 
cocyamine), jS-guanidinopropinic acid (Figure 3) or 
N-methylguanidinopropionic acid (Figure 3), the phos- 
phorylated analogue was accumulated in all cases. Fur- 
thermore, all the analog could be dephosphorylated, 
albeit relatively slowly in the case of phosphocyclocre- 
atine. Overall the results suggested that a poor in vitro 
substrate for cytosolic CK could be utilized effectively 
invivo (Boehm etal, 1996). Conversely, they found that 
the mitochondrial CK in intact mitochondria could 
only phosphorylate creatine and cyclocreatine, suggest- 
ing that MtCK may have a greater specificity than its 
cytosolic counterpart (Boehm etal, 1996). Although the 
nucleotide triphosphate and nucleotide diphosphate 
are essential for the forward and reverse reactions, re- 
spectively, James and Morrison (1966) showed that ADP 
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FIGURE 3 Structures of alternative substrates for phosphagen kinases. 



could be effectively replaced by dADP. In fact, the rab- 
bit muscle isozyme showed a broad specificity for the 
base (James & Morrison, 1966) that was not reflected 
in BB-CK and MM-CK from other species (Watts, 
1973). It is also noteworthy that, in addition to Mg 2 *, 
Mn 2+ , Ca 2+ , and Co 2+ have been used as activators 
whereas Ni 2+ , Cr 2+ , and Cd 2+ are either inactive or in- 
hibitory (O'Sullivan & Morrison, 1963). Optimal activ- 
ity was obtained when Mg 24 ", provided as the acetate, 
was added in 1 mM excess over the nucleotide con- 
centration (Cleland, 1967), suggesting that MgATP and 
MgADP were the true substrates for the reaction. 

Kinetic Analyses 

The initial kinetic studies undertaken on the rab- 
oit muscle isozyme are summarized in Figure 4. The 



overall reaction is reversible and, at pH 8.0 and above, 
the enzyme operates by a rapid equilibrium random 
bimolecular, bimolecular mechanism (Figure 4A). No 
evidence has been obtained for any phosphorylated en- 
zyme intermediate, and phosphoryl transfer was found 
to be the rate-determining step (Morrison & James, 
1965; Morrison & Cleland, 1966; Morrison & White, 
1967). At pH 7.0 and below, the situation is more com- 
plex (Schimerlik & Cleland, 1973). In the forward (crea- 
tine phosphorylation) direction, RMCK operates by an 
equilibrium ordered mechanism with ATP binding be- 
fore creatine (Figure 4B), while in the reverse direction 
the reaction remains random (Schimerlik & Cleland, 
1973). 

Although there have been numerous measurements 
of kinetic constants for the soluble isozymes, data for 
the mitochondrial isozymes, particularly the ubiquitous 
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FIGURE 4 Kinetic mechanism of rabbit muscle CK at (A) pH 8.0 and above (Morrison & James, 1 965) and (B) pH 7.0 and below (Schimerlik 
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isozyme, are scarce (Schlattner etal 9 2000). Specific ac- 
tivities for the muscle isozymes were similar across a 
number of mammalian species and not dissimilar to 
their brain counterparts (Watts, 1973). Tables 1 and 2 
provide a comparison of the kinetic data for all four 
human isozymes in both the forward (phosphocreatine 



production) and reverse (ATP production) directions. 
The mitochondrial isozymes (MtCK) are generally 3 to 
4 times slower than their cytosolic counterparts, and 
the reverse reaction is always faster than the forward 
reaction, with values of k cat (for)/k cat (rev) ranging from 
0.32 (HMCK) to 0.85 (sMtCK). With the exception 



TABLE 1 Kinetic constants for reaction in the forward direction (i.e., creatine phosphorylation). 





HMCK a 


HBCK a 


uMtCK* 


sMtCK 6 


^ (mirr 1 ) 


9.21 x 10 3 


12.9 x 10 3 


3.1 x 10 3 


4.5 x 10 3 


K d Cr (mM) 


14.6 ± 1.2 


6.0 ± 0.3 


45.8 ± 11.2 


43.9 ± 14.9 


K m Cr (mM) 


9.5 ± 0.59 


4.9 ± 0.4 


1.01 ±0.13 


7.31 ± 1.27 


*<at /Km Cr (mM/mirr 1 ) 


9.7 x 10 2 


2.6 x 10 3 


3.1 x 10 3 


6.2 x 10 2 


K d MgATP (mM) 


1.2 ± 0.11 


0.99 ± 0.05 


4.04 ± 1.33 


4.06 ± 0.78 


K m MgATP (mM) 


0.89 ±0.16 


0.81 ±0.10 


0.11 ±0.02 


0.68 ±0.21 


*cat //c m MgATP (mM/mirr 1 ) 


1.0 x 10 4 


1.6 x 10 4 


2.8 x 10 4 


6.6 x 10 3 



/"^ 'From (Chen ef a/., 2000). Reaction was at pH 9.0. 

*From (Schlattner eta/., 2000). Reaction was at pH 8.0. 
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TABLE 2 Kinetic constants for reaction at pH 7.0 in the reverse reaction (i.e., ATP production). 





HMCK a,b 


HBCK b 


uMtCK c 


sMtCK c 


J^cat (mirr 1 ) 


2.9 x 10 4 


2.1 x 10 4 


4.7 x 10 3 


5.4 x 10 3 


' d PCr (mM) 


3.7 ± 1.0 


0.22 ± 0.05 


0.92 ±0.13 


2.87 ± 0.68 




1.33 ± 0.14 


0 51 db 0 06 


0.55 ± 0.03 


1.16 ± 0.14 


jkcat//C m PCr (mM/min- 1 ) 


2.2 x 10 4 


4.1 x 10 4 


8.6 x 10 3 


4.7 x 10 3 


K d MgADP (mM) 


0.07 ±0.013 


0.02 ± 0.002 


0.22 ± 0.03 


0.38 ± 0.09 


K m MgADP (mM) 


0.03 ± 0.005 


0.04 ± 0.002 


0.13 ±0.01 


0.15 ±0.02 


*cat/Km MgADP (mM/min" 1 ) 


1.1 x 10 6 


5.3 x 10 5 


3.6 x 10 4 


3.6 x 10 4 



"From (Wang eta/., 2001). 

*Wang, McLeish, Kenyon (unpublished results). Results are reported as ± S.E.M. 
c From (Schlattner etal., 2000). 



of the HBCK in the reverse reaction, K m values were 
significantly lower than values, where K m and 
are the dissociation constants from the ternary and 
the binary complexes, respectively (Figure 4). A ratio 
of K m /Kd (a-value) of less than one is indicative of 
substrate synergy wherein the binding of one substrate 
increases the affinity for the second substrate (Segel, 
1975). At this time it is unclear why the reverse reaction 
with HBCK has an a-value of greater than unity but the 
degree of synergism in creatine kinases has been known 
to vary with reaction conditions (Morrison & James, 
| 1965; Maggio et al, 1977) and can also be affected by 
l^nnutagenesis (Novak et al, 2004). Overall the a-values 
| were reasonably similar, the major exception being for 
f* uMtCK in the forward reaction where its a-value was 
* almost an order of magnitude lower than those of the 
other isozymes, a discrepancy that was also manifest in 
the K m values for both creatine and ATP. The value of 
kcat/Km is often used as a measure of the specificity of an 
enzyme for its substrates (Copeland, 2000). Tables 1 and 
2 show that the sMtCK has the lowest specificity for any 
of its substrates and that the cytosolic isozymes are gen- 
erally more efficient than the mitochondrial isozymes. 
This variation is more pronounced in the reverse reac- 
tion, where there is a ten-fold difference between the 
cytosolic and mitochondrial enzymes. At this point 
it is unclear whether the catalytic differences between 
the various isozymes have any important physiological 
significance. 

In addition to the Michaelis-Menten kinetics there 
have been several determinations of the equilibrium 
constant for the reaction. These show that the equi- 
librium lies to the right (i.e., favors PCr formation) 
and that the equilibrium constant greatly depends on 
/-hoth the concentration of free magnesium ions and the 
pH (Kuby & Noltmann, 1962; Watts, 1973; Lawson & 
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Veech, 1979; Lerman & Cohn, 1980; Huddleston etal, 
1994). 

Both sulfate and phosphate anions have been found 
to inhibit CK, competitively with respect to ATP and 
phosphocreatine and noncompetitively with respect 
to ADP and creatine. Based on these results, it was 
thought that small anions would occupy the same site 
on the enzyme as the transferring phosphoryl group, 
and their effectiveness as an inhibitor would be based 
on the extent to which they mimicked the phosphate 
group (Nihei et al, 1961; Kumudavalli et al, 1970). 
However, kinetic analyses showed that anions affected 
the initial velocities and the shape of the progress curves 
in a manner incompatible with that proposal (Milner- 
White & Watts, 1971). In addition there were reports 
that an equilibrium mixture of substrates protected the 
enzyme against alkylation by iodoacetamide (Watts & 
Rabin, 1962) and that a 'dead-end complex 5 of creatine- 
MgADP afforded even greater protection (O'Sullivan 
etal, 1966). In a study that was alluded to briefly earlier, 
Milner-White and Watts (1971) showed that an anion 
was involved in addition to the substrates, that the level 
of substrate protection depended on the type of anion 
present, and that a planar anion or a halide was required 
for maximum inhibition. They noted that the CK reac- 
tion potentially involves a direct transfer of a phospho- 
ryl group by an Sn2 type reaction, with the phosphoryl 
group forming an sp 3 d hybrid in the transition state. 
On that basis they proposed that planar anions, such as 
nitrite and formate, mimicked the phosphoryl group in 
the transition state of the reaction and suggested that 
a quaternary complex (E-TSAC) comprising enzyme- 
creatine-anion-MgADP was formed (Milner-White 
& Watts, 1971). This study and its predictions, their 
accuracy confirmed by later spectroscopic (Reed & 
Cohn, 1972; Reed & Leyh, 1980) and X-ray (Lahiri etal, 
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2002) experiments, not only addressed and explained 
the anomalous kinetic results, but also provided an 
experimental tool that would be used in a variety of 
subsequent investigations. It should also be noted that, 
from an entropic standpoint, it is much easier for the 
enzyme to bind its two substrates than to assemble 
the three components of the TSAC. Recently, Borders 
et al (2002) used intrinsic fluorescence measurements 
to determine a dissociation constant of 4 x 10" 10 M 3 
for the TSAC into its individual components. This was 
possibly the first report of the dissociation constant for 
a ternary, let alone a quaternary, transition state analog 
complex. 

THREE DIMENSIONAL (X-RAY) 
STRUCTURE 

Almost since it was first isolated, attempts have been 
made to crystallize creatine kinase (Kuby et al, 1954). 
Both the cytosolic (Keutel 1972; McPherson, 1973; 
Burgess et al, 1978; Takasawa et al, 1981; Gilliland 
etal, 1983; Hershenson etal, 1986) and mitochondrial 
(Schnyder etal, 1990, 1991) isozymes have proved to be 
amenable to crystallization. However, although prelim- 
inary X-ray measurements on CK had been carried out 
by 1973 (McPherson, 1973), it was another two decades 
before the first X-ray structure of creatine kinase was 
published. 

The Structure of Sarcomeric 
Mitochondrial Creatine Kinase 
(Mi 6 -CK) 

In 1996, Fritz-Wolf et al reported the structure of 
the sarcomeric chicken cardiac Mi/,-CK, in the presence 
and absence of NaATP, at 3 A resolution (Fritz-Wolf 
et al, 1996). There were four crystallographically inde- 
pendent monomers with virtually identical structures. 
Each monomer consisted of a small (residues 1 to 112) 
N-terminal domain and a larger (residues 113 to 380) 
C-terminal domain, with the ATP binding site being 
located in a cleft between the two domains (Figure 5). 
In addition to the five N-terminal residues, two loops, 
comprising residues 60 to 65 and 316 to 326, were 
shown to be highly flexible. Small-angle X-ray scatter- 
ing experiments (Forstner etal, 1996) had demonstrated 
that Mi/ 7 -CK exhibits a considerable decrease in the ra- 
dius of gyration in the presence of MgATP or a TSAC. 
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FIGURE 5 Ribbon diagram of sarcomeric chicken creatine ki- 
nase (Mi/rCK) monomer. The two flexible loops are highlighted. 
The ATP binding site is identified by the two phosphates in the 
cleft between the N-and C-terminal domains. Coordinates used 
were those from PDB 1CRK (Fritz-Wolf etal., 1996). 



Conversely neither ATP nor ADP alone had any effect 
on the scattering curves. Given the position of the flex- 
ible loops it was postulated that, when creatine and a 
magnesium ion were bound, these loops would move 
to close over the active site and exclude water during 
catalysis (Fritz-Wolf etal, 1996; Kabsch & Fritz-Wolf, 
1997). 

As expected, the six conserved regions of high se- 
quence homology (Miihlebach etal, 1994) were found 
to form the core of the structure, covering the active 
site of the enzyme. The active site itself was found to 
contain many of the residues implicated by earlier stud- 
ies as being either located in the active site or important 
catalytically. Nuclear magnetic resonance (NMR) stud- 
ies, for example, had shown that four histidine residues 
were located within 18 A of the Cr 3+ of a Cr 3+ -ATP 
complex bound to the enzyme (Rosevear et al, 1981). 
One of these histidines was also postulated to have a 
pK a ~7, and to act as an acid/base catalyst (Cook etal, 
1981). However, none of the histidines was within 12 A 
of the y -phosphate of ATP and, intriguingly, mutagene- 
sis of each of these histidine residues showed that none 
were essential for catalysis (Chen et al, 1996; Forstner 
et al, 1997). The pH studies which implicated the his- 
tidine residue also indicated that an ionized carboxylic 
acid group was required for the binding of both cre- 
atine and phosphocreatine (Cook et al, 1981), The X- 
ray structure of Mi/,-CK showed that two glutamic acid 
residues, Glu226 and Glu227, as well as an aspartic acid 
residue, Asp228, were located in the active site, any 
of which could fulfil this role. Note that, unless stated 
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otherwise, the numbering of residues is that of the CK 
isozyme under immediate discussion. 

Chemical modification studies had shown that 
✓^abbit muscle CK was fully inactivated by the arginine 
specific reagent, phenylglyoxal (Borders & Riordan, 

1975) , whereas NMR had shown that an arginine 
residue was located near the ATP binding site (James, 

1976) . Consequently it was not surprising when the X- 
ray structure revealed that the phosphate group of ATP 
interacted with four arginine residues and that two more 
arginine residues are within 5 A of the y-phosphate. 
Also, not unexpectedly, a tryptophan residue was found 
in the active site. This residue, Trp223, was deduced by 
earlier NMR and fluorescence measurements (Vasak 
etal, 1979;Messmer&Kagi, 1985), as well as by mutage- 
nesis studies (Gross etal, 1994), as being important for 
catalysis. 

Over the years, there have been numerous studies 
implicating a cysteine residue in the CK active site. 
In both the cytosolic (Mahowald et al, 1962) and mi- 
tochondrial (Fedosov & Belousova, 1988; Wyss et ah, 
1993) isoforms, one highly reactive cysteine residue 
per monomer is able to react with sulfhydryl-specific 
^ reagents. Marietta and Kenyon (1979) used the creatine- 
° based affinity label, epoxycreatine, to completely inac- 
| — rivate rabbit muscle CK, thereby confirming that the re- 
| active group, possibly a cysteine or a carboxylate, must 
^ be located adjacent to the creatine binding site. Sub- 
u sequently, tryptic digestion combined with mass spec- 
trometry was used to show that it was a cysteine residue, 
identified as Cys282, that was labeled (Buechter et al, 
1992). This was one of the two fully conserved cysteine 
residues in the CKs, and the only cysteine residue to 
be conserved across all guanidino kinases. The X-ray 
structure of Mi/,-CK showed that Cys278 (analogous to 
Cys282 in RMCK) was indeed located within the active 
site and was positioned near the y-phosphate of ATP 
and near the acidic residues thought to be involved in 
creatine binding. 

Although the well-conserved residues formed a com- 
pact core containing the active site, it was possible also 
to identify residues in the less-conserved regions of se- 
quence that could be linked to isoform specific proper- 
ties. For example, each monomer was shown to contain 
four contact regions, two of which could be linked to 
octamer formation, and three to dimer formation. A 
detailed analysis of the structure and its relationship to 
*^ f he cellular functions of creatine kinase may be found 
.n a review by Schlattner etal (1998). 
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Comparison of Structures from All 
Four Isozymes 

Following the publication of the Mi^-CK struc- 
ture (Fritz-Wolf et al, 1996) the X-ray structures of 
the rabbit muscle isozyme (Rao et al, 1998), the cy- 
tosolic chicken brain (BB-CK) isozyme (Eder et al, 
1999), the human ubiquitous mitochondrial (Mi^-CK) 
isozyme (Eder et al, 2000a), the bovine muscle (MM- 
CK) isozyme (Tisi etal, 2001), and the human muscle 
(MM-CK) isozyme (Shen etal., 2001) followed in rapid 
succession. Not surprisingly, given the level of sequence 
identity, the overall structures were all very similar, par- 
ticularly in the region of the active site. Nonetheless, 
comparison of these structures was able to provide a ra- 
tionale for some of the functional differences observed 
among the various CK isozymes. 

Amino acid sequence alignments had suggested that 
isozyme-specific sequences were localized at the N- and 
C-termini, the linker region between two domains, and 
in parts of three helices. The structural comparisons 
showed that, with the exception of the N-terminal re- 
gion, the three dimensional structure was conserved 
in the regions of divergent sequence although there 
were changes in the electrostatic surface of the protein. 
Before any CK structures were available, it had been 
predicted that the residues likely to be important for 
octamer formation would be located in the N-terminal 
region (Kaldis et al, 1993, 1994). Comparison of the 
X-ray structures of the two cytosolic BB-CK isoforms 
(Eder etal, 1999; Tisi et al, 2001) showed that the N- 
terminal region was important for dimer formation. It 
was also found to be important for octamer forma- 
tion in the mitochondrial isoforms (Fritz-Wolf et al, 
1996; Eder et al, 2000a) but, unfortunately, the seven 
N-terminal amino acids are disordered in the structures 
of the MM-CK isoforms (Rao et al, 1998; Shen et al, 
2001). However, there are still significant differences 
between the human muscle isoform residues 8 to 15 
and residues 1 to 10 of the human mitochondrial iso- 
forms which are presumably related to octamer forma- 
tion (Shen et al, 2001). It is also interesting to note 
that the contact surface area between monomers in a 
chicken BB-CK dimer is almost 50% greater than the 
contact area between two MtCK monomers, presum- 
ably reflecting the greater stability of the dimer in the 
cytosolic isoforms (Eder etal, 1999, 2000a). In addition, 
there are differences in the stability of the octamers that 
can also be related to contact surface areas, this time 
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of the dimer-dimer interface. For example, the human 
MvCK isoform forms a more stable octamer than the 
Mi^-CK and has more than twice the contact surface 
between its dimers (Eder etaL, 2000a). It must also be 
noted that, although these N-terminal interactions are 
important for monomer-monomer and dimer-dimer in- 
teractions, other regions of the structure are of equal or 
greater import (Fritz-Wolf et aL, 1996). Finally, the C- 
terminal region of the mitochondrial isozymes contains 
3 to 4 additional residues, two of which are positively 
charged. At present it is unclear whether the CK oc- 
tamer binds only to the membrane surface (Cheneval 
etaL, 1989) or enters the lipid bilayer (Rojo etaL, 1991; 
Vacheron etaL, 1997). It has been postulated that these 
charged groups may bind to the negatively charged head 
groups of the cardiolipin of the mitochondrial mem- 
brane (Fritz-Wolf et al., 1996; Eder et aL, 1999), but 
it has also been suggested that the predominantly hy- 
drophobic character of the five C-terminal residues of 
mitochondrial CKs are also well suited for membrane 
insertion (Eder etaL, 2000a). 

Whereas these structures were useful in that they 
identified many active site residues and provided signif- 
icant information on those residues involved in dimer 
and octamer formation, they were of less use in attempts 
to relate structure with mechanism. The foremost prob- 
lem was that, with the exception of that of the Mi^-CK 
isoform, none of these structures was obtained in the 
presence of either substrates or inhibitors. Indeed, even 
the structure of Mi^-CK liganded to ATP was obtained 
in the absence of Mg 2 ^, and each ATP molecule was 
found at a slightly different position in its monomer 
(Fritz -Wolf etaL, 1996). In toto, the structures provided 
no details about creatine binding, nor did they pro- 
vide details about the binding of any substrate in the 
ternary enzyme complex. This was a serious limitation 
in that EPR (McLaughlin etaL, 1976) and small angle 
X-ray scattering (Forstner et al., 1996, 1998) studies, as 
well as later infrared difference (Granjon et al., 2001) 
and hydrogen-deuterium exchange (Mazon etaL, 2003) 
experiments, have all indicated that substrate binding 
brings about a considerable conformational change in 
CK. As alluded to earlier, small-angle X-ray scattering 
experiments had demonstrated that CK, in the presence 
of MgATP and the TSAC mixture, shows a decrease in 
radius of gyration (Forstner et al., 1996; Forstner et al., 
1998). This decrease was similar to that observed for the 
closely related enzyme, arginine kinase, in the presence 
of MgADP or MgATP (Dumas & Janin, 1983; Forstner 
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et al., 1998). In AK it was proposed that this decrease 
was consistent with the hinge rotation of two domains 
(Dumas & Janin, 1983). Later comparison of the X-ray 
structure of the substrate-free AK (Yousef et al., 2003) 
with the structure of AK liganded to a TSAC compris- 
ing arginine, nitrate and MgADP (Zhou et aL, 1998) 
confirmed the domain movement. 

X-Ray Structures of Arginine Kinase 

The AK-TSAC structure, initially reported at 1.86 A 
resolution (Zhou etaL, 1998) and now refined to 1.2 A 
(Yousef et aL, 2002), provided an immediate boost to 
the study of CK. Arginine kinase and creatine kinase 
share a relatively high level (38% to 44%) of sequence 
identity (Miihlebach etaL, 1994) and have almost super- 
imposable far-UV CD spectra (Oriol & Landon, 1970; 
Miihlebach et aL, 1994). As with CK, AK possesses 
a reactive active site cysteine residue (Der Terrossian 
et al., 1969) and has similar overall kinetic proper- 
ties (Morrison, 1973). Now it was possible to compare 
the various CK structures with that of the AK-TSAC 
structure (Zhou et aL, 1998) and confirm that there 
was considerable structural homology as well. Given 
those similarities it was not unreasonable to model the 
transition-state conformation of CK by superimposing 
the structures of the "open" (substrate-free) forms of 
CK on the "closed" AK-TSAC structure (Eder et aL, 
1999; Zhou et aL, 2000). The superimposition identi- 
fied two flexible loops that would presumably undergo 
large conformational changes during catalysis. These 
were the loops containing residues 60 to 65 and 316 to 
326 (Figure 5) which were characterized by either high 
temperature (B-) factors or were disordered. This model 
of the closed form of the enzyme was sufficient to 
direct a number of mutagenesis/mechanistic studies on 
CK(Eder etaL, 2000b; Cantwell etaL, 2001; Wang etaL, 
2001), as well as on AK itself (Pruett et aL, 2003; Azzi 
et al., 2004; Gattis et aL, 2004; Uda & Suzuki, 2004). 
Nonetheless, the precise details of the involvement of 
individual CK residues in particularly substrate binding 
and specificity remained elusive. 

Structure of Substrate-Bound 
Creatine Kinase and Correlation with 
Mechanistic Studies 

Recently, the X-ray structure of Torpedo califomica 
creatine kinase (TcCK), a MM-CK isozyme, liganded 
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to a TSAC complex of creatine-nitrate-MgADP, was 
published (Lahiri et al, 2002). As expected from the 
sequence similarity, TcCK shows considerable overall 
fold similarity with the other known creatine kinase 
.cructures. Fortuitously, a structure of TcCK bound to 
MgADP was also obtained from the same crystal (Lahiri 
et al, 2002), which permitted a direct comparison of 
the open (CK-MgADP) and closed (CK-TSAC) forms 
of the enzyme. As shown in Figure 6, the residues in- 
volved in nucleotide binding did not move greatly on 
going from the open to the closed form. However, two 
residues, Ile69 and Val325, moved into the active site 




FIGURE 6 Active site of Torpedo californica creatine kinase 
bound to (A) MgADP and (B) a TSAC comprised of creatine, NO3 
and MgADP. For clarity, the water molecules bound to Mg 2 + and 
Arg320 which interacts with the phosphates of MgADP are omit- 
"id. Coordinates used were those from PDB 1N16 (Lahiri et al., 
.002). 
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FIGURE 7 Overlay of the structures of Torpedo californica cre- 
atine kinase bound to MgADP (dark) and to the TSAC (light). The 
movement of His66 and Asp326 are highlighted. More than 25 A 
apart in the MgADP-liganded enzyme, they approach to within 3 A 
in the TSAC structure, forming a "latch" over the active site. Con- 
versely, there is little movement of either the Mg 2 + ion, or AD P. 
Again, the coordinates used were those from PDB 1N16 (Lahiri 
etal., 2002). 

possibly to provide a binding pocket for the N-methyl 
group of creatine. These two residues were brought into 
place by the movement of the flexible loops as they 
closed over the active site in the transition state. The 
loops also brought together His66 and Asp326, which 
appear to form a "latch" locking the flexible loops in 
place (Figure 7). Concomitantly, the flexible loops be- 
come more ordered with B-factors similar to those of 
the average main chain B-factor (Lahiri etal, 2002). 

It is somewhat intriguing that, in the same biologi- 
cal dimer, open and closed complexes can be observed. 
The fact that the TcCK-MgADP complex is in an open 
conformation is even more surprising, given that small- 
angle X-ray scattering showed a decreased radius of gy- 
ration when MgATP was added to CK (Forstner et al, 
1996; Forstner etal, 1998) or when MgADP was added 
to AK (Dumas & Janin, 1983). It is conceivable that 
crystal packing forces might constrain asymmetrically 
the conformation changes required for substrate bind- 
ing, thus giving rise to differences between the subunits 
in the crystal. Such a rationale is necessary as hydrogen- 
deuterium exchange experiments demonstrated that, in 
the presence of a TSAC mixture, both subunits of a 
dimer can bind substrates (Mazon etal, 2003). 

The Nucleotide Binding Site 

In both complexes the MgADP groups are virtu- 
ally superimposable, indicating that there is little or no 
strain involved in catalysis (Figures 6 and 7). As pre- 
dicted by previous NMR experiments (Rosevear et al, 
1981) the adenine base in the ADP is in the anti 
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conformation with respect to the ribose ring, and the 
adenosine rings are held in place by stacking interac- 
tions with His296 and hydrogen bonds to Hisl91 as 
well as to the main chain and to a few water molecules. 
His296 has been demonstrated to be particularly im- 
portant by studies showing that even the conservative 
replacement with asparagine resulted in a considerable 
decrease in both substrate binding affinity and catalytic 
activity (Chen etal., 1996). 

As described earlier for the Mi^-CK isozyme, the 
nucleotide phosphate binding pocket is formed pri- 
marily by five highly conserved arginines (Argl30, 
Argl32, Arg236 5 Arg292, and Arg320) that stabilize the 
negatively charged nonbonding oxygens of phosphate 
groups by a series of monodentate and bidentate in- 
teractions. The arginines are in the same position in 
both the CK-TSAC and CK-MgADP structures, ex- 
cept Arg320. In the E-MgADP structure, this residue 
interacts only with the nonbonded oxygen of the Di- 
phosphate, but, in the E-TSAC complex, Arg320 moves 
closer and changes to bidentate ligand geometry, form- 
ing an additional hydrogen bond to an oxygen of the 
nitrate group. It is conceivable that Arg320, which is 
located at the base of one of the flexible loops, may be 
involved in conformational switching (Forstner et al, 
1998). In addition to the arginine residues Trp228 must 
form part of the binding pocket for, although it does 
not interact directly with the substrate, mutagenesis of 
this residue leads to inactivation of the enzyme (Gross 
etaU 1994). 

The Metal Ion 

Cleland (1967) suggested that MgATP and MgADP 
were the true substrates for the reaction. Exchange-inert 
Cr(III) nucleotide complexes were initially used to de- 
termine the stereochemistry of the interaction with CK 
(Dunaway-Mariano & Cleland, 1980), and a mechanism 
was proposed in which the Mg(II) has -coordination 
to ATP prior to phosphoryl transfer and then migrates to 
form an <*,/3-bidentate complex with the product, ADP. 
A later study suggested that a,/3,y-coordination to ATP 
is also feasible (Burgers & Eckstein, 1980). As described 
earlier, creatine kinase was found to bind tightly to a 
'transition-state analog complex' mixture comprised of 
creatine, MgADP and planar anions such as nitrate, ni- 
trite and formate (Milner-White & Watts, 1971). Infrared 
spectroscopy showed that the anions were directly co- 
ordinated to the metal ion at the active site (Reed etal, 
1978), while EPR studies using Mn(II) and 17 0-labeling 
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showed that the metal ion is bound to the a- and 
phosphates of ADP, to the anion, and to three water 
molecules (Reed & Leyh, 1980). A final EPR study sug- 
gested that an a,/3,y-tridentate complex of Mn(II) ATP 
is a substrate for the forward reaction and, in the prod- 
uct complex, Mn(II) remains coordinated to the a- and 
^-phosphates of MgADP as well as to phosphocreatine 
(Leyh etaL, 1985). 

The CK-TSAC structure provided conclusive evi- 
dence that the earlier studies were indeed correct. In 
general, Mg(II) prefers a coordination number of six, 
and a preference for oxygen atoms as electron donat- 
ing ligands (Katz et al 9 1996). In the TSAC structure 
the Mg 2+ ion has octahedral coordination geometry 
involving three water molecules, two non-bridging oxy- 
gens from the a- and ^-phosphates of ADP and an oxy- 
gen of the nitrate group. In the CK-MgADP structure, 
a water molecule replaces the nitrate ion (Lahiri et ah, 
2002) while, in a subsequent structure with CK bound 
to MgAMPPNP, a non-hydrolyzable MgATP analogue, 
the Mg 2+ ion interacts with three water molecules 
and the oxygens of the a,fi,y -phosphates of AMPPNP 
(Lahiri, 2004). The Mg 2 "^ is liganded to the pro-R oxy- 
gen of the a -phosphate; thus not only did the early 
EPR studies correctly identify the coordination geome- 
try of the Mg 2 "^, but the predictions of the stereochemi- 
cal configuration of the metal nucleotide complex were 
also accurate (Reed & Leyh, 1980; Leyh et aL, 1982, 
1985). 

The Creatine Binding Site 

Not surprisingly, the creatine binding site is much 
smaller than that of the nucleotide. The carboxylate 
of creatine forms a hydrogen bond to the main chain 
nitrogen of Val72 with the remainder of its interactions 
occurring via water molecules held in place by protein 
side-chains. Studies with alternative substrates had 
shown that replacement of the iV-methyl group of cre- 
atine with the smaller hydrogen group (glycocyamine) 
or the builder ethyl group (Af-ethylglycocyamine) led 
to a 43-or 11-fold reduction in binding affinity for the 
substrate, respectively (McLaughlin et al, 1972). This 
specificity for creatine appears to be achieved by use 
of a binding "pocket" formed by Ile69 and Val325 
(Figure 6B). These two hydrophobic residues are found 
on the two loops that close over the active site in the 
CK-TSAC structure and are not part of the active site 
in the CK-MgADP structure (Figure 6A). Mutagenesis 
studies with HMCK have subsequently revealed that 
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replacement of Ile69 by alanine results in greatly de- 
creased enzymatic activity and complete loss of synergy 
(Novak et al, 2004). Replacement of Ile69 by glycine 

~ : n Danio MM-CK provided a similar result (Uda & 
Suzuki, 2004). In the same study, it was shown that 
replacement of Val75 with glycine led to an unstable 
enzyme, and the authors speculate that Val75 may be 
involved in stabilizing the flexible loop structure (Uda 
& Suzuki, 2004). In the C-terminal loop the substitu- 
tion ofVal325 in HMCK with glutamic acid results in 
a 100-fold preference for glycocyamine while replace- 
ment with alanine results in a slight preference for cy- 
clocreatine (Novak etal, 2004). Interestingly, in the AK 
structure Val325 is replaced by a negatively charged glu- 
tamic acid residue, Glu314, which interacts with the e- 
nitrogen of the bound arginine. Sequence alignments 
had suggested that Asp326 was the CK homolog of 
Glu314, and replacement of Asp326 by alanine had re- 
sulted in a significant reduction in the value of k cat for 
the forward reaction and an increase in the value of K m 
for creatine (Cantwell etal, 2001). Further, slight prefer- 
ence for cyclocreatine as a substrate was now apparent. 
At the time those results were discussed in terms of crea- 
tine binding but, when the CK-TSAC structure became 
available, it was clear that Asp326 in fact forms a salt 

- bridge to His66 effectively "latching" the two loops into 
.he closed position (Figure 7). The importance of His66 
in catalysis by CK has also been demonstrated (Forstner 
et al, 1997; Mourad-Terzian et al, 2000), although it 
does not appear to be the acid-base catalyst identified 
in pH-rate profile studies (Cook etal, 1981; Wang etal, 
2001). It is possible that the latch contributes to the 
electrostatic environment of the active site and assists 
in maintaining the conformation of the two loops so 
that the substrates are optimally aligned for catalysis. In 
any event, it is noteworthy that, from their respective 
positions in the MgADP structure, His66 and Asp326 
move more than 25 A to form the latch in the CK- 
TSAC structure. It had also been shown that at least one 
residue per monomer is labeled with diethyl pyrocar- 
bonate, a reagent selective for histidine residues (Pradel 
& Kassab, 1968; Clarke & Price, 1979). The labeling oc- 
curred even if the thiol groups were reversibly blocked 
and there was no evidence for substrate protection by 
creatine (Pradel & Kassab, 1968). These results could be 
explained if His66 was the residue being labeled for, un- 
less the loops are closed as in the CK-TSAC structure, 
His 66 is readily accessible to chemical modification 
agents and is located at some distance from the active 
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site cysteine residue. That said, the studies of Chen etal 
(1996) suggest that His296 is the likely target for the 
diethyl pyrocarbonate modification although the pos- 
sibility that His66 is candidate was not addressed. 

Studies with the conformationally restricted creatine 
analog, cyclocreatine, had indicated that the guanidino 
nitrogen cis to the methyl group was stereoselectively 
phosphorylated (Struve etal, 1977; Phillips etal, 1979). 
The CK-TSAC structure provides the structural basis 
for the stereospecificity. Not only does Glu232 form a 
bidentate salt bridge with the guanidino group, thereby 
stabilizing its positive charge, but it is also correctly po- 
sitioned to act as a general base to remove a proton from 
the nucleophilic nitrogen. Glu232 is part of the NEED 
box that is conserved throughout the guanidino kinases 
and mutagenesis of this residue results in a severely im- 
paired enzyme (Eder etal, 2000b; Cantwell etal, 2001). 
Even the most conservative replacement, by an aspar- 
tate, results in a 500-fold decrease in activity (Cantwell 
etal, 2001). Similar results were obtained for arginine 
kinase, although the loss of activity was not as dramatic 
(Pruett etal, 2003). 

In addition to its interaction with Glu232, the guani- 
dino group of creatine is also held in place through 
the interaction of its non-nucleophilic 77 1 -nitrogen with 
Cys283. This is the 'reactive' cysteine described earlier, 
which is conserved throughout the guanidino kinases. 
Cys283 has a relatively low pK a value of 5.4 suggest- 
ing that the optimal binding of creatine occurs when 
Cys283 is in the form of a thiolate anion (Wang et al, 
2001). Ser285 provides two interactions with Cys283, 
through its backbone carbonyl group and through its 
hydroxyl group, both of which contribute to its low 
pK a value (Wang etal, 2001; Naor & Jensen, 2004). In 
AK the serine is replaced by a threonine (Zhou et al, 
1998). Historically, one of the most contentious sub- 
jects for CK studies has been the importance of the 
reactive or as it was often termed, the "essential" cys- 
teine residue. The controversy has arisen because of 
conflicting results from chemical modification studies 
with a variety of cysteine-specific reagents. In some in- 
stances the modified enzymes were completely inactive 
(Mahowald etal, 1962; Zhou & Tsou, 1987; Wu etal, 
1989), whereas in others there was some residual activity 
(Smith & Kenyon, 1974; Der Terrossian & Kassab, 1976; 
Maggio etal, 1977). Mutagenesis experiments have now 
demonstrated unequivocally that, while important, nei- 
ther Cys283 nor Ser285 are essential for catalysis (Furter 
etal, 1993; Wang etal, 2001). Further, X-ray and kinetic 
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studies on mutants of the analogous cysteine residue in 
arginine kinase, also support this conclusion (Strong 
& Ellington, 1996; Gattis et al, 2004). Taken together, 
the kinetic and mutagenesis data suggest that Cys283 
is not indispensable, but it does help to keep creatine 
anchored and positioned for nucleophilic attack on the 
y -phosphorus of MgATP (Lahiri et al, 2002). In addi- 
tion, it is possible that the basic character of the thio- 
late anion perturbs the resonance of the guanidinium 
by drawing positive charge toward the non-reactive N ?? i, 
thereby increasing the nucleophilicity of the reactive ni- 
trogen in the forward reaction and enhancing the leav- 
ing group properties of creatine in the reverse reaction 
(Gattis etal, 2004). 

The Nitrate Ion and Phosphoryl 
Group Transfer 

Following the discovery of creatine kinase, it did not 
take long to recognize that the enzyme catalyzes the 
transfer of a phosphoryl, not a phosphate, group from 
ATP to creatine, and hence the early use of ATP-creatine 
transphosphorylase as a preferred name (Kuby & 
Noltmann, 1962). No evidence has been found for a 
phosphorylated enzyme intermediate, nor is there any 
exchange of phosphate between [ 32 P]ADP and ATP in 
the absence of guanidino substrates (Noda et al, 1960). 
Equilibrium isotope exchange was used to demonstrate 
that the rate of phosphoryl transfer between ADP and 
ATP is similar to that between phosphocreatine and cre- 
atine (Morrison & Cleland, 1966), while quenched flow 
kinetics showed that phosphoryl group transfer is rate- 
limiting in both directions (Engelborghs et at, 1975). 

Potentially, the CK reaction involves a direct transfer 
of a phosphoryl group by an Syv2 type reaction, with 
the phosphoryl group forming an sfPd hybrid in the 
transition state. It was proposed that the planar anions, 
such as nitrite and formate, mimicked the phosphoryl 
group in the transition state of the reaction (Milner- 
White & Watts, 1971). On that basis phosphoryl group 
transfer must occur via an c in line' process as the pla- 
nar anion is incompatible with an 'adjacent' transfer 
mechanism wherein the guanidine nitrogen of creatine 
forms part of the equatorial plane and the oxygen atoms 
of the phosphoryl group are not planar with the phos- 
phorus atom (Milner-White & Watts, 1971). Although 
NMR data too, suggested that the phosphoryl group is 
transferred in a direct, in-line process (McLaughlin etal, 
1976), an Sa/1 mechanism also would have a stable PO^ 
anion as a stable intermediate and, consequently, this 
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mechanism could not be ruled out. Further evidence 
suggesting that the reaction proceeded via an associa- 
tive (Syv2) rather than dissociative (S/v 1) mechanism was 
found by Lowe and Sproat (1980) who determined that, 
in the absence of creatine or the presence of competi- 
tive inhibitors, there was no ls O scrambling in adeno- 
sine 5'-[a£- 18 0, £- 18 0 2 ]triphosphate. The fact that P y - 
OP^ bond cleavage followed by rotation around the 
P^-OPo, bond and reformation of ATP would lead to 
scrambling, it was clear that the P^-OP^ bond must 
not be not broken in the absence of creatine. Subse- 
quently, Hansen and Knowles (1981) used adenosine 
[y-(5)- 16 0, 17 0, 1 8 O] triphosphate to show that the re- 
action proceeds with inversion of configuration. Taken 
together, all the evidence is consistent with, but not 
definitive of, phosphoryl transfer occurring via an asso- 
ciative (S;v2) mechanism. 

In the CK-TSAC structure, the nitrate anion is held 
in place by interactions with the Mg 2 " 1 " ion, a water 
molecule which is also liganded to the Mg 2+ ion, as 
well as with Arg236 and Arg320 which are located on 
either side of the anion. In general, divalent metal ions 
interact only weakly with anions, such as nitrate, and 
it is the interactions with the arginine residues that re- 
ally stabilize this interaction. It is thought that, in the 
TSAC, the nitrate ion mimics the y-phosphoryl group 
being transferred in the state intermediate between a dis- 
sociated metaphosphate and a pentavalent form (Reed 
& McLaughlin, 1973). In the CK-TSAC structure, the 
nitrate is not constrained by partial bonds to the /J- 
phosphate and the guanidino nitrogen of creatine, as 
it would be for the y-phosphate group in the true 
transition state. However, as shown in Figure 8, if a 
line is drawn which connects the guanidino r}2 nitrogen 
and the oxygen of the ^-phosphate group, while passing 
through the center of the nitrate group, the plane of the 
anion is almost perpendicular to that line. The deviation 
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FIGURE 8 Bali and stick representation of the transition state 
complex formed by ADP, NO3 and creatine in the active site of 
TcCK. The nitrate group mimics the planar phosphoryl group dur- 
ing an in-line transfer between the ADP and N r/2 of creatine. 
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from perpendicular, ~6°, is slightly greater than those 
observed for the analogous atoms in the refined AK- 
TSAC structure (Yousef et al, 2002). Nonetheless, the 
^--4istance between the guanidino and the ADP O^, 
.nrough the nitrate anion, is 6.1 A, which is close to the 
6 A expected of the transition state for an associative 
in-line transfer mechanism (Yousef etal, 2002). 

Borders et al (2003) noted that, in the AK-TSAC 
structure, the nitrate ion has an interaction with an as- 
paragine residue as well as the arginine residues. The cor- 
responding residue in the CK-TSAC structure, Asn285, 
is also positioned for a similar interaction (Lahiri et al, 

2002) . Replacement of Asn285 in RMCK by aspartic 
acid led to a 15,000-fold reduction in k^t for the mu- 
tant enzyme (Borders etal, 2003). However, the values 
of K m for both ATP and creatine were virtually un- 
changed, suggesting that Asn285 plays an important 
role in transition-state stabilization. The fact that no 
Asn285 mutant was able to form a TSAC lent further 
credence to that suggestion. 

FUTURE DIRECTIONS 

^ In general, this review has focused primarily on crea- 
£ tine kinase. Much of the forthcoming work on creatine 
* ^kinase will need to be placed in context with studies on 
| Jther guanidino (phosphagen) kinases. Consequently, 
j* in this brief summary, as yet unanswered questions 
° about creatine kinase will also be considered in that 
framework. 

One of the intriguing aspects of creatine kinase catal- 
ysis is the lack of any clearly indispensable residue. 
Glu232 appeared to be a prime candidate to act as a cat- 
alytic base but, while mutagenesis studies have shown 
that it is obviously important, the enzyme can get by 
without it (Brooks & Suelter, 1987; Eder etal, 2000b; 
Cantwell et al, 2001). The negatively charged NEED 
cluster is also conserved throughout the guanidino ki- 
nases and the X-ray structure of arginine kinase bound 
to a TSAC shows that the Glu232 homolog, Glu225, oc- 
cupies the same position relative to the guanidino group 
(Zhou etal, 1998). However, as with Glu232 in creatine 
kinase, mutagenesis of Glu225 results in reduced en- 
zyme activity but the decrease is much less than may 
be expected for removal of a catalytic base (Pruett etal, 

2003) . What is the precise role of Glu232, in particular, 
and the other residues in the NEED cluster? 

/—^ For many years Cys283 was also thought to be essen- 
tial although mutagenesis studies have now ruled that 
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out (Furter etal, 1993). As with Glu232 it is conserved 
throughout the guanidino kinases and has a homolog 
occupying the same position in the AK-TSAC structure 
(Zhou et al, 1998), and mutants of the AK homolog 
also retain partial activity (Gattis etal, 2004). Why does 
this cysteine residue have such a low pK a ? Is the pres- 
ence of the thiolate anion mechanistically important 
for guanidino kinases? 

Stroud has suggested that, for reactions involving two 
substrates, orientation of the substrates may be the most 
important element in catalysis. Further, the mechanism 
whereby substrates are aligned may be more important 
than any single catalytic residue (Stroud, 1996). Given 
the precise alignment of the components of the TSAC 
in both creatine (Lahiri etal, 2002) and arginine (Yousef 
etal, 2002) kinase, and the observation that even small 
deviations in the correct alignment drastically reduce 
arginine kinase activity (Pruett et al, 2003), Stroud's 
comments are almost certainly appropriate for all the 
guanidino kinases. It is likely that both Glu232 and 
Cys283 play a significant role in the alignment of the 
substrates and that any involvement in acid-base catal- 
ysis is secondary. This, of course, has yet to be shown 
conclusively. 

Although the recent structural data have answered 
many questions, they have raised many more. For ex- 
ample, precisely how do the guanidino kinases recog- 
nize their substrates? Using Table 1, it is possible to 
describe guanidino kinase substrates in relative terms 
as long (arginine, lombricine), short (creatine, glyco- 
cyamine), having an A/-methyl group (creatine) and 
lacking an iV-substituent (arginine, glycocyamine). As 
predicted by early sequence alignments (Suzuki et al, 
1997; Cantwell et al, 2001), the comparison of open 
and closed structures of CK (Lahiri etal, 2002) and AK 
(Yousef et al, 2003) shows that much of the substrates 
specificity resides in the flexible loops. Sequence align- 
ments would suggest that phosphorylation of long sub- 
strates is catalyzed by enzymes with short N-terminal 
loops, whereas that of short substrates is catalyzed exclu- 
sively by enzymes with long N-terminal loops (Suzuki 
etal, 1997). Further, substrates with an A/-methyl group 
such as creatine may require small hydrophobic residue 
{e.g., Val325) on the C-terminal loop, while substrates 
lacking this A/-substituent such as arginine and glyco- 
cyamine require an acidic group, e.g., a glutamate, at 
the analogous position (Novak et al, 2004). Unfortu- 
nately the initial results with AK/CK chimeras (Azzi 
et al, 2004) are inconclusive as the lack of activity of 
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all the chimeras may be explained by the presence of 
Glu314 which interferes with the optimal positioning 
of creatine (Novak etal, 2004). However, it is clear that 
such an approach will lead to a greater understanding 
of the specificity determinants of CK in particular, and 
the guanidino kinases in general. 

The conzyme philosophy (Stroud, 1996) requires 
that the loops not only recognize the substrates, but 
help align the substrates for catalysis. A recent exami- 
nation of the effects of mutations in the methyl speci- 
ficity pocket in creatine kinase indicates that Ile69 in 
the N-terminal loop is important for synergism whereas 
Val325 in the C-terminal loop has a greater influence 
on substrate specificity (Novak et al. 9 2004). In light of 
the conzyme proposal this is not surprising, but exactly 
what triggers the conformational changes necessary for 
correct substrate alignment and catalysis is a question 
that is yet to be addressed. 

Other fundamental questions include why does CK 
prefer to be a dimer and AK a monomer? Can we make 
a stable and fully functional CK monomer? Is there 
crosstalk between the CK active sites? Of all enzymes, 
creatine kinase is one of the most intensively studied. 
However, despite more than 70 years of detailed inves- 
tigation, a litany of questions remain to be answered. 

ACKNOWLEDGEMENTS 

We thank Mark Benson for assistance with the Fig- 
ures, and both Malea Kneen and Pan-Fen Wang for 
careful reading of the manuscript. In addition we thank 
Ross Ellington for his helpful comments on the evolu- 
tion of CK. 

REFERENCES 

Azzi, A., Clark, S.A., Ellington, W.R., and Chapman, M.S. 2004. The role of 
phosphagen specificity loops in arginine kinase. Protein Sci 1 3:575- 
585. 

Bickerstaff, G.F. and Price, N.C. 1978. Creatine kinase: A review of some 

recent work on the mechanism and subunit behavior of the enzyme. 

IntJBiochem 9:1-8. 
Boehm, E.A., Radda, G.K., Tomlin, H., and Clark, J.F. 1996. The utilisation 

of creatine and its analogues by cytosolic and mitochondrial creatine 

kinase. Biochim BiophysActa 1274:119-128. 
Borders, C.L., Jr. and Riordan, J.F. 1975. An essential arginyl residue at the 

nucleotide binding site of creatine kinase. Biochemistry 4:4699- 

4704. 

Borders, C.L., Jr., Snider, M.J., Wolfenden, R., and Edmiston, P.L. 2002. 
Determination of the affinity of each component of a composite 
quaternary transition -state analogue complex of creatine kinase. 
Biochemistry 41 :6995-7000. 

Borders, C.L., Jr., MacGregor, K.M., Edmiston, P.L., Gbeddy, E.R., 
Thomenius, M.J., Mulligan, G.B., and Snider, MJ. 2003. Asparagine 
285 plays a key role in transition state stabilization in rabbit muscle 
creatine kinase. Protein Sci 12:532-537. 

17 



Brooks, S.P. and Suelter, CH. 1987. Compartmented coupling of chicken 
heart mitochondria creatine kinase to the nucleotide translocase 
requires the outer mitochondrial membrane. Arch Biochem Biophys 
257:144-153. 

Buechter, D.D., Medzihradszky, K.F., Burlingame, A.L., and Kenyon, G.L. 
1992. The active site of creatine kinase. Affinity labeling of cys- 
teine 282 with N-(2,3-epoxypropyl)-N-amidinoglycine. J Biol Chem 
267:2173-2178. 

Burgers, P.M. and Eckstein, F. 1980. Structure of metal x nucleotide com- 
plex in the creatine kinase reaction. A study with diastereomeric 
phosphorothioate analogs of adenosine di- and triphosphate. J Biol 
Chem 255:8229-8233. 

Burgess, A.N., Liddell, J.M., Cook, W., Tweedlie, R.M., and Swan, I.D. 
1978. Creatine kinase. A new crystal form providing evidence of 
subunit structural homogeneity. J Mol Biol 123:691-695. 

Cantwell, J.S., Novak, W.R., Wang, P.F., McLeish, M.J., Kenyon, G.L, and 
Babbitt, PC 2001 . Mutagenesis of two acidic active site residues in 
human muscle creatine kinase: implications for the catalytic mech- 
anism. Biochemistry 40:3056-3061. 

Chen, L.H., Borders, C.L., Jr., Vasquez, J.R., and Kenyon, G.L. 1996. Rab- 
bit muscle creatine kinase: consequences of the mutagenesis of 
conserved histidine residues. Biochemistry 35:7895-7902. 

Chen, L.H., White, C.B., Babbitt, PC, McLeish, M.J., and Kenyon, G.L. 
2000. A comparative study of human muscle and brain creatine 
kinases expressed in Escherichia coli. J Prot Chem 19:59-66. 

Cheneval, D., Carafoli, E., Powell, G.L., and Marsh, D. 1989. A spin- 
labei electron spin resonance study of the binding of mitochondrial 
creatine kinase to cardiolipin. Eur J Biochem 186:415-419. 

Clarke, D.E. and Price, N.C. 1979. The reaction of rabbit muscle creatine 
kinase with diethyl pyrocarbonate. Biochem J 1 81 :467-475. 

Cleland, W.W. 1967. Enzyme kinetics. Anna Rev Biochem 36:77-112. 

Cook, P.F., Kenyon, G.L., and Cleland, W.W. 1981. Use of pH studies to 
elucidate the catalytic mechanism of rabbit muscle creatine kinase. 
Biochemistry 20: 1 204-1 2 1 0. 

Copeland, R.A. 2000. Enzymes: A Practical Introduction to Structure, 
Mechanism and Data Analysis, Wiley-VCH, NY. 

Cox, J.M., Davis, C.A., Chan, C, Jourden, M.J., Jorjorian, A.D., Brym, 
M.J., Snider, M.J., Borders, CL, Jr., and Edmiston, P.L. 2003. Gener- 
ation of an active monomer of rabbit muscle creatine kinase by site- 
directed mutagenesis: the effect of quaternary structure on catalysis 
and stability. Biochemistry 42:1 863-1871. 

Degani, Y. and Degani, C. 1979. Subunit-selective chemical modifications 
of creatine kinase. Evidence for asymmetrical association of the sub- 
units. Biochemistry 18:5917-5923. 

Der Terrossian, E., Pradel, L.A., Kassab, R., and Thoai, N.V. 1969. Com- 
parative structural studies of the active site of ATP-guanidine 
phosphotransferases. The essential cysteine tryptic peptide of argi- 
nine kinase from Homarus vulgaris muscle. Eur J Biochem 1 1 :482- 
490. 

Der Terrossian, E. and Kassab, R. 1976. Preparation and properties of 
S-cyano derivatives of creatine kinase. Eur J Biochem 70:623- 
628. 

Dumas, C. and Janin, J. 1983. Conformational changes in arginine kinase 
upon ligand binding seen by small-angle x-ray scattering. FEBS Lett 
153:128-130. 

Dunaway-Mariano, D. and Cleland, W.W. 1980. Preparation and prop- 
erties of chromium(lll) adenosine S'-tri phosphate, chromium(HI) 
adenosine 5'-diphosphate, and related chromium(lll) complexes. 
Biochemistry 1 9: 1 496-1 505. 

Eder, M., Schlattner, U., Becker, A., Wallimann, T, Kabsch, W. and Fritz- 
Wolf, K. 1999. Crystal structure of brain-type creatine kinase at 
1 .41 A resolution. Protein Sci 8:2258-2269. 

Eder, M., Fritz-Wolf, K., Kabsch, W., Wallimann, T, and Schlattner, U. 
2000a. Crystal structure of human ubiquitous mitochondrial crea- 
tine kinase. Proteins 39:216-225. 

Eder, M., Stolz, M., Wallimann, T., and Schlattner, U. 2000b. A conserved 
negatively charged cluster in the active site of creatine kinase is 
critical for enzymatic activity. J Biol Chem 275:27094-27099. 

Relating Structure to Mechanism in Creatine Kinase 



RIGHTS LlftlKt 



Eggleton, P. and Eggleton, G.R 1928. Further observations of phospha- 

gens. JP/?ys/o/65:15-24. 
Eggleton, P., Elsden, S.R., and Gough, N. 1943. The estimation of creatine 

and of diacetyi. Biochem J 37:526-529. 
^Ellington, W.R. 2001. Evolution and physiological roles of phosphagen 

systems. Annu Rev Physiol 63:289-325. 
Engelborghs, Y., Marsh, A., and Gutfreund, H. 1975. A quenched- 

flow study of the reaction catalysed by creatine kinase. Biochem 

7 151:47-50. 

Ennor, A.H., Rosenberg, H., and Armstrong, M.D. 1955. Specificity of 
creatine phosphokinase. Nature 175:120. 

Eppenberger, H.M., Dawson, DM, and Kaplan, N.0. 1967. The compara- 
tive enzymology of creatine kinases. I. Isolation and characterization 
from chicken and rabbit tissues. J Biol Chem 242:204-209. 

Fedosov, S.N. and Belousova, L.V. 1988. Effect of oligomerization on the 
properties of essential SH-groups of mitochondrial creatine kinase. 
Biokhimiya 53:550-564. 

Forstner, M., Kriechbaum, M., Laggner, P., and Wallimann, T 1996. 
Changes in creatine kinase structure upon ligand binding as seen 
by small-angle scattering. J Mol Struct 383:21 7-222. 

Forstner, M., Muller, A., Stolz, M., and Wallimann, T 1 997. The active site 
histidines of creatine kinase. A critical role of His 61 situated on a 
flexible loop. Protein Sci 6:331-339. 

Forstner, M., Kriechbaum, M., Laggner, P., and Wallimann, T. 1998. Struc- 
tural changes of creatine kinase upon substrate binding. BiophysJ 
75:1016-1023. 

Fritz-Wolf, K., Schnyder, T, Wallimann, T, and Kabsch, W. 1 996. Structure 

of mitochondrial creatine kinase. Nature 381:341-345. 
Furter, R., Furter-G raves, E.M., and Wallimann, T. 1993. Creatine kinase: 
the reactive cysteine is required for synergism but is nonessential 
for catalysis. Biochemistry 32:7022-7029. 
Gattis, J.L, Ruben, E., Fenley, M.O., Ellington, W.R., and Chapman, M.S. 
2004. The active site cysteine of arginine kinase: structural and func- 
S tional analysis of partially active mutants. Biochemistry 43:8680- 

S 8689. 

Gilliland, G.L., Sjolin, L, and Olsson, G. 1983. Crystallization and pre- 
§ liminary X-ray diffraction data of two crystal forms of bovine heart 

§ creatine kinase. J Mol Biol 170:791-793. 

5* Granjon, T, Vacheron, M.J., Vial, C, and Buchet, R. 2001. Structural 
£ changes of mitochondria! creatine kinase upon binding of ADP, ATP, 

or Pi, observed by reaction-induced infrared difference spectra. Bio- 
chemistry 40:2988-2994. 
Gross, M. and Wallimann, T. 1 993. Kinetics of assembly and dissociation 
of the mitochondrial creatine kinase octamer. A fluorescence study. 
Biochemistry 32 : 1 3933-1 3940. 
Gross, M., Furter-G raves, E.M., Wallimann, T, Eppenberger, H.M., and 
Furter, R. 1 994. The tryptophan residues of mitochondrial creatine 
kinase: roles of Trp- 223, Trp-206, and Trp-264 in active-site and 
quaternary structure formation. Protein Sci 3:1058-1068. 
Hansen, D. E. and Knowles, J. R. 1981 . The stereochemical course of the 
reaction catalyzed by creatine kinase. J Biol Chem 256:5967-5969. 
Hershenson, S., Helmers, N. ( Desmueles, P., and Stroud, R. 1986. Pu- 
rification and crystallization of creatine kinase from rabbit skeletal 
muscle. J Biol Chem 261 3732-3736. 
Hornemann, T, Rutishauser, D., and Wallimann, T 2000a. Why is crea- 
tine kinase a dimer? Evidence for cooperativity between the two 
subunits. Biochim BiophysActa 1480:365-373. 
Hornemann, T, Stolz, M., and Wallimann, T. 2000b. Isoenzyme-specific 
interaction of muscle-type creatine kinase with the sarcomeric M- 
line is mediated by NH 2 -terminal lysine charge-clamps. J Cell Biol 
149:1225-1234. 

Huddleston, M.J., Annan, R.S., Bean, M.F., and Carr, S.A. 1994. Selective 
detection of Thr-, Ser-, and Tyr-phosphopeptides in complex digests 
by electrospray LC-MS. In: Techniques in Protein Chemistry Vol. 5. 
pp. 123-130. Crabb, J.W., Ed., Academic Press, San Diego, CA. 

James, E. and Morrison, J. F. 1966. The reaction of nucleotide sub- 
strate analogues with adenosine triphosphate-creatine phospho- 
transferase. J Biol Chem 241 :4758-4770. 

M. J. McLeish and G. L Kenyon 



James, T.L 1976. Binding of adenosine ^-diphosphate to creatine ki- 
nase. An investigation using intermolecular nuclear Overhauser ef- 
fect measurements. Biochemistry. 1 5:4724-4730. 

Kabsch, W. and Fritz-Wolf, K. 1997. Mitochondrial creatine kinase— a 
square protein. Curr Opin Struct Biol 7:81 1-818. 

Kaldis, P., Eppenberger, H.M., and Wallimann, T 1993. A short N-terminal 
domain of mitochondrial creatine kinase is involved in octamer 
formation but not in membrane binding. In: New Developments 
in Lipid-Protein Interactions and Receptor Function, pp. 199-21 1 . 
Wirtz, K.W.A., Ed., Plenum Press, Berlin, Germany. 

Kaldis, P., Furter, R., and Wallimann, T. 1 994. The N-terminal heptapeptide 
of mitochondrial creatine kinase is important for octamerization. 
Biochemistry 33:952-959. 

Katz, A.K., Glusker, J.R, Beebe, S.A., and Bock, C.W. 1996. Calcium ion 
coordination: a comparison with that of beryllium, magnesium, and 
zinc J Am Chem Soc 1 18:5752-5763. 

Kenyon, G.L and Reed, G.H. 1983. Creatine kinase: structure-activity 
relationships. Adv Enzymol Relat Areas Mol Biol 54:367-426. 

Keutel, H.J., Okabe, K., Jacobs, H.K., Ziter, F., Maland, L, and Kuby, 
S.A. 1972. Studies on adenosine triphosphate transphosphory- 
lases: XI. Isolation of the crystalline adenosine-triphosphate-creatine 
transphosphorylases from the muscle and brain of man, calf, and 
rabbit; and a preparation of their enzymatically active hybrids. Arch 
Biochem Biophys 1 50:648-678. 

Kuby, S.A., Noda, L, and Lardy, H.A. 1954. Adenosinetriphosphate- 
creatine transphosphorylase: I. Isolation of the crystalline enzyme 
from rabbit muscle. J Biol Chem 209:191-201. 

Kuby, S.A. and Noltmann, E.A, 1 962. ATP-creatine transphosphorylase. In: 
The Enzymes 2 ed. Vol. 6. pp. 51 5-603. Boyer, P.D., Ed., Academic 
Press, New York. 

Kumudavalli, I., Moreland, B.H., and Watts, D.C. 1970. Properties and 
reaction with iodoacetamide of adenosine 5'-triphosphate-creatine 
phosphotransferase from human skeletal muscle. Further evidence 
about the role of the essential thiol group in relation to the mech- 
anism of action. Biochem. J. 1 17:513-523. 

Lahiri, S.D., Wang, R-F., Babbitt, PC, McLeish, M.J., Kenyon, G.L., and 
Allen, K.N. 2002. The 2.1 A structure of Torpedo californica crea- 
tine kinase complexed with the ADP-Mg^-NOj -creatine transition- 
state analogue complex. Biochemistry 41 :1 3861-1 3867. 

Lahiri, S.D. 2004. Structural enzymology of phosphate-transfer enzymes: 
ground-state, intermediate, and transition-state analogue com- 
plexes. Ph.D. Thesis. Department of Physiology and Biophysics, 
Boston University School of Medicine. Boston, MA. 

Lawson, J.W. and Veech, R.L. 1979. Effects of pH and free Mg 2+ on 
the K e q of the creatine kinase reaction and other phosphate hy- 
dropses and phosphate transfer reactions. J Biol Chem 254:6528- 
6537. 

Lehmann, H. 1936. Uber die umesterung des adenylsauresystems mit 
phosphagenen. Biochem Z 286:336-343. 

Lerman, C.L. and Cohn, M. 1 980. 31 P NMR quantitation of the displace- 
ment of equilibria of arginine, creatine, pyruvate, and 3-P-glycerate 
kinase reactions by substitution of sulfur for oxygen in the beta 
phosphate of ATP. J Biol Chem 255:8756-8760. 

Leyh, T.S., Sammons, R.D., Frey, P.A., and Reed, G.H. 1982. The stereo- 
chemical configuration of Mn(ll) . ADP at the active site of creatine 
kinase elucidated by electron paramagnetic resonance with R p [a- 
17 0]ADP and S p [<*- 17 0]ADP. J Biol Chem 257:15047-1 5053. 

Leyh, T.S., Goodhart, P.J., Nguyen, A.C., Kenyon, G.L., and Reed, G.H. 
1985. Structures of manganese(ll) complexes with ATP, ADP, and 
phosphocreatine in the reactive central complexes with creatine 
kinase: electron paramagnetic resonance studies with oxygen-17- 
labeled ligands. Biochemistry 24:308-31 6. 

Lohman, K. 1934. Uber die enzymatische aufspaltung der kreatinphos- 
phorsaure; zugleich ein beitrag zum chemismus der muskelkontrak- 
tion. Biochem Z271 :264-277. 

Lowe, G. and Sproat, B.S. 1980. Evidence for an associative mechanism 
in the phosphoryl transfer step catalyzed by rabbit muscle creatine 
kinase. J Biol Chem 255:3944-3951 . 

18 



RIGHTS L I ftl Kij 



Maggio, E.T., Kenyon, G.L, Markham, G.D., and Reed, G.H. 1977. Prop- 
erties of a CH3-blocked creatine kinase with altered catalytic activity. 
Kinetic consequences of the presence of the blocking group. J Biol 
Chem 252:1202-1207. 

Mahowald, TA, Noltmann, E.A., and Kuby, S.A. 1962. Studies on adeno- 
sine triphosphate transphosphorylases: III. Inhibition reactions J Biol 
Chem 237:1 535-1 548. 

Marietta, M.A., and Kenyon, G.L. 1979. Affinity labeling of creatine ki- 
nase by N-(2,3-epoxypropyl)-iV-amidinoglycine. J Biol Chem 254: 
1879. 

Mazon, H., Marcillat, 0., Forest, E. f and Vial, C. 2003. Changes in MM-CK 
conformational mobility upon formation of the ADP-Mg 2+ -NOJ- 
creatine transition state analogue complex as detected by hydro- 
gen/deuterium exchange. Biochemistry 42: 1 3596-1 3604. 

McLaughlin, A.C., Cohn, M., and Kenyon, G.L. 1972. Specificity of cre- 
atine kinase for guanidino substrates. Kinetic and proton nuclear 
magnetic relaxation rate studies. J Biol Chem 247:4382-4388. 

McLaughlin, A.C., Leigh, J.S., Jr., and Cohn, M. 1976. Magnetic reso- 
nance study of the three-dimensional structure of creatine kinase- 
substrate complexes. Implications for substrate specificity and cat- 
alytic mechanism. J Biol Chem 251 :2777-2787. 

McPherson, A., Jr. 1973. A preliminary crystal lographic investigation of 
rabbit muscle creatine kinase. J Mol Biol 81 :83-86. 

Messmer, C.H. and Kagi, J.H. 1985. Tryptophan residues of creatine ki- 
nase: a fluorescence study. Biochemistry 24:7 172-7 178. 

Milner-White, E.J. and Watts, D.C. 1971. Inhibition of adenosine 5'- 
triphosphate-creatine phosphotransferase by substrate anion com- 
plexes. Biochem J 122:727-740. 

Morrison, J.F. and James, E. 1965. The mechanism of the reaction 
catalyzed by adenosine triphosphate-creatine phosphotransferase. 
Biochem J 97:37-52. 

Morrison, J.F. and Cleland, W.W. 1966. Isotope exchange studies of the 
mechanism of the reaction catalyzed by adenosine triphosphate: 
creatine phosphotransferase. J Biol Chem 241 :673-683. 

Morrison, J.F. and White, A. 1967. Isotope exchange studies of the reac- 
tion catalyzed by ATP: creatine phosphotransferase. Eur J Biochem 
3:145-152. 

Morrison, J. F. 1973. Arginine kinase and other invertebrate guanidino 
kinases. In: The Enzymes. Vol. 8. pp. 457-486. Boyer, P.D., Ed., 
Academic Press, New York., NY. 

Mourad-Terzian, T, Steghens, J. P., Min, K.L., Collombel, C, and Bozon, 
D. 2000. Creatine kinase isoenzymes specificities: histidine 65 in 
human CK-BB, a role in protein stability, not in catalysis. FEBS Lett 
475:22-26. 

Muhlebach, S.M., Gross, M., Wirz, T, Wallimann, T, Perriard, J.C., and 
Wyss, M. 1994. Sequence homology and structure predictions of 
the creatine kinase isoenzymes. Mol Cell Biochem 133/134:245- 
262. 

Muhlebach, S.M., Wirz, T, Brandle, U., and Perriard, J.C. 1996. Evolu- 
tion of the creatine kinases. The chicken acidic type mitochondrial 
creatine kinase gene as the first nonmammalian geneJ Biol Chem 
271:11920-11929. 

Naor, M.M. and Jensen, J.H. 2004. The determinants of cysteine pK a val- 
ues in creatine kinase and a 1 -antitrypsin. Prot. Struct. Funct. Bioin- 
formatics 57:799-803. 

Nevinsky, G.A., Ankilova, V.N., Lavrik, O.I., Mkrtchyan, Z.S., Nersesova, 
L.S., and Akopyan, J.I. 1982. Functional non-identity of creatine 
kinase subunits of rabbit skeletal muscle. FEBS Lett 149:36-40. 

Nihei, T, Noda, L, and Morales, M.F. 1961. Kinetic properties 
and equilibrium constant of the adenosine triphosphate-creatine 
transphosphorylase-catalyzed reaction. J Biol Chem 236:3203- 
3209. 

Noda, L., Nihei, T, and Morales, M.F. 1960. The enzymatic activity and in- 
hibition of adenosine 5'-triphosphate-creatine transphosphorylase. 
J Biol Chem 235:2830-2834. 

Novak, W.R.P., Wang, P.-E, McLeish, M.J., Kenyon, G.L., and Babbitt, P.C. 
2004. Isoleucine 69 and Valine 325 form a specificity pocket in 
human muscle creatine kinase. Biochemistry 43:13766-13774. 

19 



Oliver, I.T. 1955. A spectrophotometry method for the determination of 
creatine phosphokinase and myokinase. Biochem J 61:1 16-122. 

Oriol, C. and Landon, M.F. 1970. Le dichroism circulaire de diverses phos- 
phagene phosphotransferases. Biochim Biophys Acta 214:455- 
462. 

O'Sullivan, W.J., and Morrison, J.F. 1963. The effect of trace metal con- 
taminants and EDTA on the velocity of enzyme-catalysed reactions. 
Studies on ATP:creatine phosphotransferase. Biochim Biophys Acta 
77:142-144. 

O'Sullivan, W.J., Diefenbach, H., and Cohn, M. 1966. The effect of mag- 
nesium on the reactivity of the essential sulphydryl groups in creatine 
kinase-substrate complexes. Biochemistry 5:2666-2673. 

Pfanner, N. and Geissler, A. 2001 . Versatility of the mitochondrial protein 
import machinery. Nat Rev Mol Cell Biol 2:339-349. 

Phillips, G.N., Jr., Thomas, J.W., Annesley, T.M., and Quiocho, F.A. 
1979. Stereospecificity of creatine kinase, crystal structure of 1- 
carboxymethyl-2-imino-3-phosphonoimidazolidine. JAmChemSoc 
101:7120-7121. 

Pineda, A.O., Jr., and Ellington, W.R. 1999. Structural and functional im- 
plications of the amino acid sequences of dimeric, cytoplasmic and 
octameric mitochondrial creatine kinases from a protostome inver- 
tebrate. Eur J Biochem 264:67-73. 

Pradel, L.-A., and Kassab, R. 1968. The active site of ATP:guadinine phos- 
photransferases.il. Evidence for a critical histidine residue through 
use of a specific reagent, di ethyl pyrocarbonate. Biochim Biophys 
Acta 167:317-325. 

Price, N.C. and Hunter, M.G. 1976. Non-identical behaviour of the sub- 
units of rabbit muscule creatine kinase. Biochim Biophys Acta 
445:364-376. 

Pruett, P.S., Azzi, A., Clark, S.A., Yousef, M.S., Gattis, J.L., Somasundaram, 
T, Ellington, W.R., and Chapman, M.S. 2003. The putative catalytic 
bases have, at most, an accessory role in the mechanism of arginine 
kinase. J Biol Chem 278:26952-26957. 

Qin, W., Khuchua, Z., Cheng, J., Boero, J., Payne, R.M., and Strauss, A.W. 
1998. Molecular characterization of the creatine kinases and some 
historical perspectives. Mol Cell Biochem 184:153-167. 

Rao, J.K., Bujacz, G., and Wiodawer, A. 1998. Crystal structure of rabbit 
muscle creatine kinase. FEBS Lett 439:1 33-1 37. 

Reed, G.H. and Cohn, M. 1972. Structural changes induced by substrates 
and anions at the active site of creatine kinase. Electron paramag- 
netic resonance and nuclear magnetic relaxation rate studies of the 
manganous complexes. J Biol Chem 247:3073-3081 . 

Reed, G.H. and McLaughlin, A.C. 1973. Structural studies of transi- 
tion state analog complexes of creatine kinase. Ann NY Acad Sci 
222:118-129. 

Reed, G.H., Barlow, C.H., and Burns, R.A., Jr. 1978. Investigations of 
anion binding sites in transition state analogue complexes of cre- 
atine kinase by infrared spectroscopy. J Biol Chem 253:4153- 
4158. 

Reed, G.H., and Leyh, T.S. 1980. Identification of the six ligands to man- 
ganese(ll) in transition-state-analogue complexes of creatine kinase: 
oxygen-1 7 superhyperfine coupling from selectively labeled ligands. 
Biochemistry 19:5472-5480. 

Robin, Y. 1964. Biological distribution of guanidines and phosphagens in 
marine annelida and related phyla from California, with a note on 
pluriphosphagens. Comp Biochem Physiol 12:347-367. 

Rojo, M., Hovius, R., Demel, R., Wallimann, T, Eppenberger, H. M., and 
Nicolay, K. 1991 . Interaction of mitochondrial creatine kinase with 
model membranes. A monolayer study.f£RS Lett 281 :1 23-1 29. 

Rosalki, S.B. 1967. An improved procedure for serum creatine phospho- 
kinase determination. J Lab Clin Med 696-705. 

Rosevear, P.R., Desmeules, P., Kenyon, G.L., and Mildvan, A.S. 1981. Nu- 
clear magnetic resonance studies of the role of histidine residues 
at the active site of rabbit muscle creatine kinase. Biochemistry 
20:6155-6164. 

Rowley, G.L, Greenleaf, A.L., and Kenyon, G.L. 1971. On the specificity 
of creatine kinase. New glycocyamines and glycocyamine analogs 
related to creatine. J Am Chem Soc 93:5542-5551 . 

Relating Structure to Mechanism in Creatine Kinase 



RIGHTS Lift! K4 



Saks, V.A. and Ventura-Clapier, R. 1994. Cellular bioenergetics; Role of 
coupled creatine kinases. Mol Cell Biochem 1 33/1 34. 

Schimerlik, M.I. and Cleland, W.W. 1973. Inhibition of creatine kinase by 
chromium nucleotides. J Biol Chem. 248:8418-8423. 
^•^Schlattner, U. ( Forstner, M. f Eder, M., Stachowiak, 0., Fritz-Wolf, K., and 
Wallimann, T. 1998. Functional aspects of the X-ray structure of 
mitochondrial creatine kinase: a molecular physiology approach. 
Mol Cell Biochem 1 84: 1 25-1 40. 

Schlattner, U., Eder, M., Dolder, M., Khuchua, Z.A., Strauss, A.W., and 
Wallimann, T. 2000. Divergent enzyme kinetics and structural prop- 
erties of the two human mitochondrial creatine kinase isoenzymes. 
Biol Chem 381:1063-1070. 

Schlattner, U., Gehring, F., Vernoux, N., Tokarska-Schlattner, M., 
Neumann, D., Marcillat, O., Vial, C, and Wallimann, T. 2004. C- 
terminal lysines determine phospholipid interaction of sarcomeric 
mitochondrial creatine kinase. J Biol Chem 279:24334-24342. 

Schnyder, T., Sargent, D.F., Richmond, T.J., Eppenberger, H.M., and Wal- 
limann, T. 1990. Crystallization and preliminary X-ray analysis of 
two different forms of mitochondrial creatine kinase from chicken 
cardiac muscle. J Mol Biol 21 6:809-812. 

Schnyder, T., Winkler, H., Gross, H., Eppenberger, H.M., and Wallimann, 
T. 1991. Crystallization of mitochondrial creatine kinase. Grow- 
ing of large protein crystals and electron microscopic investigation 
of microcrystals consisting of octamers. J Biol Chem 266:5318- 
5322. 

Seget, I.H. 1975. Enzyme Kinetics: Behavior and Analysis of Rapid Equi- 
librium and Steady-State Enzyme Systems, Wiley-lnterscience, New 
York, NY. 

Shen, Y.Q., Tang, L, Zhou, H.M., and Lin, Z.J. 2001. Structure of human 
m uscle creati ne kinase. Acta Crystallogr D Biol Crystallogr 57 : 1 1 96- 
1200. 

Smith, DJ. and Kenyon, G.L. 1974. Nonessential^ of the active sulfhydryl 
group of rabbit muscle creatine kinase. J Biol Chem 249:331 7-331 8. 
g Sona, S., Suzuki, T, and Ellington, W.R. 2004. Cloning and expression 
2 of mitochondrial and protoflagellar creatine kinases from a marine 

|/**" sponge: implications for the origin of intracellular energy transport 
§ systems. Biochem. Biophys Res Commun 31 7:1 207-1214. 

£ Strong, S.J., and Ellington, W.R. 1996. Expression of horseshoe crab argi- 
J: nine kinase in Escherichia coii and site-directed mutations of the 

2 reactive cysteine peptide. Comp. Biochem. Physiol. B Biochem Mol 

Biol 113:809-816. 
Stroud, R.M. 1996. Balancing ATP in the cell. Nat Struct Biol. 3:567-569. 
Struve, G.E., Gazzola, C, and Kenyon, G.L. 1977. Synthesis of and struc- 
tural assignments for some N-phosphono-2-iminoimidazolidines 
(cyclic guanidines). J Org Chem 42:4035-4040. 
Suzuki, I, Kawasaki, Y, Furukohri, T, and Ellington, W.R. 1997. Evolution 
of phosphagen kinase. VI. Isolation, characterization and cDNA- 
derived amino acid sequence of lombricine kinase from the earth- 
worm Eisenia foetida, and identification of a possible candidate 
for the guanidine substrate recognition site. Biochim. Biophys Acta 
1343:152-159. 

Suzuki, T, Kawasaki, Y, Unemi, Y, Nishimura, Y, Soga, T., Kamidochi, 
M., Yazawa, Y, and Furukohri, T. 1 998. Gene duplication and fusion 
have occurred frequently in the evolution of phosphagen kinases: a 
two-domain arginine kinase from the clam Pseudocardium sachali- 
nensis. Biochim Biophys Acta 1388:253-259. 

Suzuki, T, Mizuta, C, Uda, K., Ishida, K., Mizuta, K., Sona, S., Compaan, 
D.M., and Ellington, W.R. 2004. Evolution and divergence of the 
genes for cytoplasmic, mitochondrial, and flagellar creatine kinases. 
JMolEvol 59:218-226. 

Takasawa, T, Fukushi, K., and Shiokawa, H. 1981. Crystallization and 
properties of creatine kinase from equine skeletal muscle. J Biochem 
89:1619-1631. 

Tanzer, M.L. and Gilvarg, C.J. 1959. Creatine and creatine kinase mea- 
surement. J Biol Chem 234:3201-3204. 

Tisi, D., Bax, B., and Loew, A. 2001. The three-dimensional structure of 
f 0 "^ cytosolic bovine retinal creati ne ki nase. Acta Crystallogr D Biol Crys- 
tallogr 57:187-193. 

M. J. McLeish and G. L Kenyon 



Uda, K. and Suzuki, T. 2004. Role of amino acid residues on the GS region 
of Stichopus arginine kinase and Danio creatine kinase. Protein J 
23:53-64. 

Vacheron, M.J., Clottes, E., Chautard, C, and Vial, C. 1997. Mitochondrial 
creatine kinase interaction with phospholipid vesicles. Arch Biochem 
Biophys 344:316-324. 

VasSk, M., Nagayama, K., Wuthrich, K., Mertens, M., and Kagi, J.H.R. 
1979. Creatine kinase. Nuclear magnetic resonance and fluores- 
cence evidence for interaction of adenosine 5'-diphosphate with 
aromatic residues. Biochemistry 18:5050-5055. 

Wallimann, T, Wyss, M., Brdiczka, D., Nicolay, K., and Eppenberger, H.M. 
1 992 . Intracellular compartmentation, structure and function of cre- 
atine kinase isoenzymes in tissues with high and fluctuating energy 
demands: the 'phosphocreatine circuit' for cellular energy home- 
ostasis. Biochem J 281 :21-40. 

Wang, P.F., McLeish, M.J., Kneen, M.M., Lee, G., and Kenyon, G.L. 2001 . 
An unusually low pKa for Cys282 in the active site of human muscle 
creatine kinase. Biochemistry 40:1 1 698-1 1 705. 

Wang, X.C., Zhou, H.M., Wang, Z.X., and Tsou, C.L 1990. Is the subunit 
the minimal functional unit of creatine kinase? Biochim Biophys 
Acta 1039:313-317. 

Wang, Z.X. and Pan, X.M. 1996. Kinetic differentiation between ligand- 
induced and pre-existent asymmetric models. FEBS Lett 388:73-75. 

Watts, D.C. and Rabin, B.R. 1962. A study of the 'reactive' sul- 
phydryl groups of adenosine 5'-triophosphate-creatine phospho- 
transferase. Biochem J 85:507-516. 

Watts, D.C. 1968. The origin and evolution of the phosphagen phospho- 
transferases. In: Homologous Enzymes and Biochemical Evolution 
pp. 279-296. van Thoai, N. and Roche, J., Eds., Gordon & Breach, 
New York, NY. 

Watts, D.C. 1971. Evolution of phosphagen kinases. In: Biochemical Evo- 
lution and the Origin of Life. pp. 150-173. Schoffeneils, E. ( Ed., 
North-Holland Publishing Co., Amsterdam, The Netherlands. 

Watts, D.C. 1973. Creatine kinase (adenosine 5'-triphosphate-creatine 
phosphotransferase). In: The Enzymes. Vol. 8. pp. 383-455. Boyer, 
P.D., Ed., Academic Press, New York, NY. 

Watts, D.C. 1975. Evolution of phosphagen kinases in the chordate line. 
Symp Zool Soc Lond 36: 1 05-1 27. 

Wothe, D.D., Charbonneau, H., and Shapiro, B.M. 1 990. The phosphocre- 
atine shuttle of sea urchin sperm: Flagellar creatine kinase resulted 
from gene triplication. Proc Natl Acad Sci. USA 87:5203-5207. 

Wu, H., Yao, Q.Z., and Tsou, C.L. 1989. Creatine kinase is modified by 2- 
chloromercuri-4-nitrophenol at the active site thiols with complete 
inactivation. Biochim Biophys Acta 997:78-92. 

Wyss, M. f Smeitink, J., Wevers, R.A., and Wallimann, T. 1992. Mitochon- 
drial creatine kinase: a key enzyme of aerobic energy metabolism. 
Biochim Biophys Acta 1 102:1 19-166. 

Wyss, M., Wallimann, T, and Kohrle, J. 1993. Selective labelling and in- 
activation of creatine kinase isoenzymes by the thyroid hormone 
derivative N-bromoacetyl-3,3',5-tf/-/odo-/.- thyronine Biochem J 
291:463-472. 

Yousef, M.S., Fabiola, F., Gattis, J.L, Somasundaram, T., and Chapman, 
M.S. 2002. Refinement of the arginine kinase transition-state ana- 
logue complex at 1 .2 A resolution: mechanistic insights. Acta Crys- 
tallogr D Biol Crystallogr 58:2009-201 7. 

Yousef, M.S., Clark, S.A., Pruett, P.K., Somasundaram, T. ( Ellington, 
W.R., and Chapman, M.S. 2003. Induced fit in guanidino kinases- 
com pari son of substrate-free and transition state analog structures 
of arginine kinase. Protein Sci 1 2:103-1 1 1 . 

Zhou, G., Somasundaram, T, Blanc, E., Parthasarathy, G., Ellington, W.R., 
and Chapman, M.S. 1998. Transition state structure of arginine 
kinase: implications for catalysis of bimolecular reactions. Proc Natl 
Acad Sci USA 95:8449-8454. 

Zhou, G., Ellington, W.R., and Chapman, M.S. 2000. Induced fit in argi- 
nine kinase. Biophys J 78:1 541-1 550. 

Zhou, H.M. and Tsou, C.L. 1987. The presence of reactive SH groups in 
enzymatically active dicyano derivative of creatine kinase. Biochim 
Biophys Acta 9 1 1 : 1 36-1 43 . 

20 



RIQHTB L I U K4] 



Review Article 



Sports Med 2002; 32 (14): 903-944 
01 12-1642/02/0014-0903/S25.00/0 



© Adis International Limited. All rights reserved. 



Oral Creatine Supplementation and 
Skeletal Muscle Metabolism in 
Physical Exercise 1 

Jose L.M. Mesa, Jonatan R. Ruiz, M. Marcela Gonzalez-Gross, Angel Gutierrez Sdinz 
and Manuel J. Castillo Garzon 

Department of Physiology, School of Medicine, University of Granada, Granada, Spain 



Contents 

Abstract 904 

1 . Biochemical and Physiological Aspects 905 

1.1 Creatine Synthesis 905 

1.2 Creatine Transport into Muscle Cells 905 

1 .2. 1 Creatine Transporters in Muscle 906 

1.3 Creatine Degradation 907 

1.4 Creatine Distribution in the Body 908 

1 .4. 1 influence of Muscle Fibre Type 909 

1 .4.2 Influence of Age 909 

1 .4.3 Influence of Gender 909 

1.4.4 Influence of Training Status 909 

1.5 Functions of Creatine in Muscle Cells 910 

1.5.1 Buffering ATP and ADP Content 910 

1.5.2 ^Shuttle' Hypothesis for the Creatine Kinase System 911 

1.5.3 Buffering of pH 912 

1 .5.4 Regulation of Glucose and Glycogen Metabolism 912 

1.5.5 Membrane Stabilisation 913 

2. Pharmacokinetics 913 

2. 1 Pharmacokinetics of a Single Dose 913 

2.1.1 Absorption 913 

2.1.2 Peak Values in Blood 913 

2.1.3 Clearance 913 

2. 1 .4 Usefulness of the Area Under the Plasma Creatine Concentration-Time Curve 

After a Single Dose 914 

2.1.5 Intravenous Administration 914 

2.2 Pharmacokinetics of Multiple Dosages 914 

2.2.1 Creatine Retention by Tissues 915 

2.2.2 Creatine and Creatinine Excretion During Multiple Dosages 915 

2.2.3 Return to Baseline Values 917 

2.3 Factors Affecting Creatine Uptake by Muscle Cells 917 

2.3.1 Insulin Action 917 

2.3.2 Intracellular Creatine Content 918 

2.3.3 Extracellular Creatine Concentration 919 



1 Dedicated to the memory of our admired Carlos Osorio Pelaez (19.09.1932-27.06.2001), Professor of Physiology and 
Biochemistry at the School of Medicine of the University of Granada. 



904 



Mesa et al 



2.3.4 Electrolyte Concentrations 919 

2.3.5 Type of Fibre 919 

2.3.6 Physical Exercise Before Creatine Ingestion 919 

2.3.7 Other Factors 920 

2.4 What is the Appropriate Creatine Administration Scheme for Optimal Muscle 

Uptake? 920 

2.4.1 Optimal Single Dose 920 

2.4.2 Optimal Multiple Dosage During the First Day (Loading Phase) 920 

2.4.3 Optimal Multiple Dosage During the Second Day (Loading Phase) 921 

2.4.4 Optimal Dosage Thereafter (Maintenance Phase) 921 

3. Creatine Administration as an Ergogenic Aid 922 

3.1 Usual Dose of Creatine Administration 922 

3.2 Creatine Supplementation and Short-Term High-Intensity Exercise 922 

3.2.1 Increase of ATP Availability 923 

3.2.2 Muscle Fibre Hypertrophy 923 

3.3 Creatine Supplementation and Mid-Term High-Intensity Exercise 924 

3.4 Creatine Supplementation and Intermittent High-Intensity Exercise 925 

3.4.1 Enhanced Rephosphorylation Rate of ADP into ATP 926 

3.4.2 Reduction in Ammonia and Hypoxanthines in Muscle 927 

3.4.3 Reduction in Lactate and H + Accumulation 928 

3.5 Creatine Administration and Aerobic Metabolism in Muscle 928 

3.5.1 Creatine Supplementation Buffers pH Drop 929 

3.5.2 Optimisation of Oxidative Phosphorylation 929 

3.5.3 Creatine-lnduced Glycogen Supercompensation 929 

3.5.4 Creatine-lnduced Improvement in Muscle Efficiency 930 

3.6 Weight Loss and Strength Improvement 931 

4. Safety and Adverse Effects 931 

4.1 Body Mass Increase 931 

4.2 Water Retention 932 

4.3 Muscle Cramps 932 

4.4 Gastrointestinal Complaints 933 

4.5 Renai Function 933 

4.6 Liver Function 933 

4.7 Creatine as a Precursor of Mutagens and Carcinogens of the 
Amino-lmidazo-Azaarene (AIA) Class 934 

4.7.1 Creatine-lnduced Formaldehyde Formation . 934 

4.7.2 Creatine-lnduced AIA Mutagens 934 

4.8 Impurity of Creatine Supplements 935 

5. Conclusion 935 



Abstract Creatine is the object of growing interest in the scientific literature. This is 

because of the widespread use of creatine by athletes, on the one hand, and to 
some promising results regarding its therapeutic potential in neuromuscular dis- 
ease on the other. In fact, since the late 1900s, many studies have examined the 
effects of creatine supplementation on exercise performance. This article reviews 
the literature on creatine supplementation as an ergogenic aid, including some 
basic aspects relating to its metabolism, pharmacokinetics and side effects. The 
use of creatine supplements to increase muscle creatine content above -20 
mmol/kg dry muscle mass leads to improvements in high-intensity, intermittent 
high-intensity and even endurance exercise (mainly in nonweightbearing endur- 
ance activities). An effective supplementation scheme is a dosage of 20 g/day for 
4-6 days, and 5 g/day thereafter. Based on recent pharmacokinetic data, new 
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regimens of creatine supplementation could be used. Although there are opinion 
statements suggesting that creatine supplementation may be implicated in carcin- 
ogenesis, data to prove this effect are lacking, and indeed, several studies showing 
anticarcinogenic effects of creatine and its analogues have been published. There 
is a shortage of scientific evidence concerning the adverse effects following 
creatine supplementation in healthy individuals even with long-term dosage. 
Therefore, creatine may be considered as a widespread, effective and safe ergoge- 
nic aid. 



Creatine was discovered in 1835 by the French 
scientist Chevreul, and named after the Greek word 
kreas (flesh). The first creatine supplementation 
studies in animals and humans began in the early 
1900s. cl_7] Since the discovery of phosphocreatine 
(PCr) in 1927 and the creatine kinase (CK) reaction 
in 1934, it is known that creatine is the substrate of 
CK to form PCr, a high-energy compound and an 
important energy store for ATP resynthesis in mus- 
cle. [8] Because of the widespread use of creatine by 
athletes, [9] promising results with regard to the 
clinical therapeutic potential of creatine in neuro- 
muscular, [10_12] neurological [13 " 15] and cardiovas- 
cular^ 6 ' 17 ! diseases, and the effects of creatine an- 
alogues as anticancer agents, [18 > 191 interest in 
creatine supplementation has grown exponentially 
over recent years, mainly with respect to using the 
compound as an ergogenic aid. It seems therefore 
opportune to review the ergogenic use of creatine. 
The aim of this article is to provide a comprehen- 
sive overview of the physiological and biochemi- 
cal basis of the ergogenic use of creatine, including 
its metabolism, pharmacokinetics and side effects. 

1. Biochemical and 
Physiological Aspects 

This review will now provide an overview of 
the synthesis, transport and degradation processes 
of creatine in order to understand creatine metabo- 
lism in skeletal muscle. 

1.1 Creatine Synthesis 

Creatine or a-methylguanidinoacetic acid (fig- 
ure 1) is a nitrogenous amino acid compound with 
a net positive charge and a molecular weight of 
131Da. The endogenous synthesis of creatine (fig- 
ure 2) involves three amino acids: glycine, arginine 
and methionine, [20] and begins with the transfer of 



CH 2 

C NH 2 

// 

H 2 N + 

Fig. 1. Creatine (a-methylguanidinoacetic acid), 

the amidino group of arginine to glycine to yield 
L-ornithine and guanidinoacetate. This reaction is 
catalysed by L-arginine:glycine amidinotrans- 
ferase (AG AT). It has been theorised that gua- 
nidinoacetate is formed in the kidney and trans- 
ferred via the blood to the liver. [8] In the hepatocyte, 
guanidinoacetate is methylated at the amidino 
group by the action of S-adenosyl-L-methionine:N- 
guanidinoacetate methyltransferase (GAMT). 
This reaction yields creatine and S-adenosyl-L- 
homocysteine. The rate-limiting step in creatine 
synthesis is the formation of guanidinoacet- 
ate by AGAT. [21] Creatine is capable of inducing 
feedback inhibition of AGAT possibly by in- 
hibiting some steps before translation of AGAT 
mRNA. [8 ' 21] The endogenous synthesis of creatine 
is 1-2 g/d, [21_23] and occurs mainly in the liver [24] 
and secondarily in the pancreas and kidney. [21] 
An additional 1-2 g/d of creatine are obtained 
from dietary intake, mainly fish and meat (4.5g 
creatine/kg salmon and beef). [21>25] Endogenous 
creatine synthesis is downregulated by diet and, 
therefore, reduced after enhanced creatine inges- 
tion^ 21 ' 26 ' 271 but normal secretion rates return upon 
termination of supplementation. t 28 J 

1 .2 Creatine Transport into Muscle Cells 

Muscle fibres are unable to synthesise creatine, 
therefore, it must be taken up from the blood- 
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Fig. 2. Endogenous synthesis of creatine. In the kidney, arginine and glycine yield L-ornithine and guanidinoacetic acid by L-arginine: 
glycine amidinotransferase (AGAT). In the hepatocyte, a methyl group from S-adenosyl-L-methionine is transferred to the nitrogen 
atom (marked by asterisk) by S-adenosyl-L-methionine:N-guanidinoacetate methyltransferase (GAMT), yielding creatine and 
S-adenosyl-L-homocysteine. 
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stream. The daily demand for creatine is met both 
by intestinal absorption of dietary creatine and by 
the novo creatine biosynthesis. Creatine is, there- 
fore, exported from both liver and gut, and accu- 
mulated in CK-containing tissues. In healthy om- 
nivorous individuals, normal plasma creatine 
levels range from 50-100 ^mol/L.t 29 ' 30 ! These fig- 
ures decrease to 25-32 jumol/L in vegetarians be- 
cause of their lower exogenous intake. [31] Over 
90% of creatine enters skeletal muscle by binding 
to a specific transporter protein. [23] This saturable 
and Na + -K + ATPase mediated [2232] mechanism de- 
pends of extracellular [Na + ] and [Cl~] [33 ' 34] (where 
brackets denote concentration) and allows creatine 
to enter the muscle against a concentration gradi- 
ent. 132351 This transport mechanism shows an ap- 
parent Michaelis-Menten constant (K m ) for cre- 
atine in the micromolar range (15-30 |imol/L), [35] 
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so the normal plasma ranges are sufficient for ad- 
equate creatine transport in muscle. 

7.2. 1 Creatine Transporters in Muscle 

Two specific transporters, present in muscle fi- 
bre membranes, take up creatine from the blood- 
stream. These are creatine transporter 1 (CRT1) 
and choline transporter 1 (CHOtl). 

Creatine Transporter 1 

CRT1 is expressed in cardiac and skeletal mus- 
cle, together with brain, kidney and placenta. 1353 
CRT1 presents twelve transmembrane domains 
and shows two potential N-glycosylation sites. [35i36] 
This creatine transporter belongs to the super- 
family of Na + and CI" dependent neurotrans- 
mitter transporters. [37] The stoichiometry of cre- 
atine, Na + and CI" seems to be 1 : 2 : l. [34] Although 
the specific structure/function relationship of the 
CRT1 has not been studied, t36] Sora et al. [35] dem- 
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onstrated greatest identity with y-aminobutyric 
acid (GAB A) and taurine transporters. To date, the 
cDNAs for human, rat, rabbit and torpedo fish 
CRT1 creatine transporters have been identi- 

f ied [33,35,38-40] Tne human CRT1 gene is l ocate d 

on chromosome Xq28, it contains 13 exons and 
spans approximately 8.5kb of genomic DNA. E40 > 41] 
In rat muscle, the amount CRT1 present in type I 
fibres is higher than in type II fibres. [42] It is prob- 
able in these animals, but not in humans, that type 
I muscle fibres take up more creatine than type II 
fibres. Low concentrations of CRT1 induce low 
concentrations of creatine in muscle fibres, as oc- 
curs in human myopathies. 143 * 

Choline Transporter 1 

A rabbit homologue of the putative rat choline 
transporter CHOT1 has been shown to mediate 
creatine transport. [33] Northern blot analysis re- 



vealed a major transcript of 4.8kb in brain, heart, 
skeletal muscle and kidney, showing CHOT1 as a 
widely expressed rat creatine transporter.* 44 ^ 

1 .3 Creatine Degradation 

In muscle cells at rest, creatine is phosphory- 
lated by CK to form PCr within 25 minutes upon 
arrival (figure 3). For this purpose, the ATP 
formed by glycolysis and oxidative phosphoryla- 
tion reacts with creatine to form ADP and PCr. 
Large negative charges on PCr prevent diffusion 
across biological membranes thus locking PCr in 
the muscle cell. [45] During exercise, when muscle 
ATP is being consumed, the high-energy phos- 
phoryl group of PCr is transferred to ADP to re- 
store ATP. Creatine is then recycled or trans- 
formed to creatinine (Crn). Crn cannot be 
reutilised and is excreted in the urine. The dietary 
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Fig. 3. Creatine kinase (CK) reaction. Creatine is the substrate of CK to form phosphocreatine (PCr). All CK isoenzymes catalyse 
the reversible transfer of the y-phosphate group of ATP to the guanidino group of creatine to yield ADP, PCr and H + . PCr (at a rate 
of 2.6%) and creatine (at a rate of 1-2%) are degraded daily to creatinine by spontaneous non-enzymatic reactions. Pj = inorganic 
phosphate. 
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Creatine synthesis Dietary creatine 
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Fig. 4. General creatine metabolism in the human body. The daily demand for creatine is met both by intestinal absorption of dietary 
creatine (1-2g) and by de novo creatine biosynthesis (1-2g). The first step of creatine biosynthesis probably occurs mainly in the 
kidney, whereas the liver is likely to be the principal organ accomplishing the subsequent methylation of guanidinoacetic acid (GAA) 
to creatine. Most (-95%) of the creatine is found in muscle cells. Because muscle has virtually no creatine-synthesising capacity, 
creatine has to be taken up from the blood against a large concentration gradient by a saturable [Na + 3 and [CI - ] (where brackets 
denote concentration) dependent creatine transporter that spans the plasma membrane. The muscular creatine and phosphocreatine 
(PCr) are nonenzymatically converted at an almost steady rate (-2% of total creatine \JCr = PCr + creatine] per day) to creatinine, 
which diffuses out of the cells and is excreted by the kidneys into the urine. AdoHcy = S-adenosyl-L-homocysteine; AdoMet = 
S-adenosyl-L-methionine; AGAT = L-arginine:glycine am idinotransf erase; CK = creatine kinase; GAMT = N-guanidinoacetate 
methyltransferase. 



intake and endogenous production of creatine 
matches the spontaneous degradation of PCr and 
creatine to Crn at a rate of 2.6% and 1-2% per day, 
respectively. [21 ' 26 ' 46,47] Therefore, Crn production 
totals 2 g/d based on a 70kg human and a total 
creatine pool of 120g. [21] The Crn turnover is pro- 
portional to the muscle mass and increases with 
high-intensity physical exercise. [48] Once Crn is 
formed, it enters the circulation by diffusion and is 
eliminated from the body through glomerular 
filtration.^ 491 Vegetarians have marginally lower 
urinary Crn excretion rates than individuals on nor- 
mal diets, suggesting that creatine biosynthesis 
rates and muscle creatine contents are also margin- 
ally lower than in individuals ingesting creatine- 
containing diets. 1311 



In summary, the daily demand for creatine is 
met both by intestinal absorption of dietary cre- 
atine (l-2g) and by de novo creatine biosynthesis 
(l-2g) [figure 4]. Because muscle has virtually no 
creatine-synthesising capacity, creatine has to be 
taken up from the blood against a large concentra- 
tion gradient by a saturable [Na + ] and [CI - ] de- 
pendent creatine transporter that spans the plasma 
membrane. Muscular creatine and PCr are nonen- 
zymatically converted at an almost steady rate 
(-2% of total creatine per day) to Crn, which dif- 
fuses out of the cells and is excreted by the kidneys 
into the urine. 

1 .4 Creatine Distribution in the Body 

Total body creatine (TCr) includes both creatine 
and PCr. Approximately 95% of the TCr is found 
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in skeletal muscle. [21] High creatine levels are also 
found in the heart, spermatozoa and photoreceptor 
cells of the retina. Intermediate levels are found in 
the brain, brown adipose tissue, intestine, seminal 
vesicles, seminal vesicle fluid, endothelial cells, 
and macrophages; and only low levels are found in 
the lung, spleen, kidney, liver, white adipose tis- 
sue, blood cells and serum. [22 ' 50_56] In 1974, Harris 
et al. [5?1 reported a mean muscle TCr content in 
humans of 124.4 (range: 110-160) mmol/kg dry 
mass (dm), of which 49.0 mmol/kg dm correspon- 
ded to creatine and 75.5 mmol/kg dm to PCr. How- 
ever, it can vary widely among individuals (-90- 
180 mmol/kg dm), [58] with -60% of it in the form 
of PCr and -40% in the form of creatine. [25 > 59 " 61] 
The ratio of PCr to TCr (PCr/TCr) is indicative of 
the PCr energy charge, and this ratio normally 
ranges from 0.6 to 0.8 in resting skeletal mus- 
c j e [60] TCr content in resting muscle tissues in hu- 
mans is influenced by several factors, which will 
be discussed in sections 1.4.1-1.4.4. 

7.4. 7 Influence of Muscle Fibre Type 

Creatine and PCr concentrations correlate with 
the glycolytic capacity of the different skeletal 
muscles. [62] In this regard, the resting PCr content 
is 5-30% higher in type II versus type I muscle 
fibres [63_66] (figure 5). The previous findings were 
confirmed by a nuclear magnetic resonance 
(NMR) study that investigated the relationship be- 
tween PCr content and muscle fibre type composi- 
tion in human skeletal muscled 673 This study re- 
ported a significantly higher PCr content in type II 
versus type I muscle fibres. This is in agreement 
with the higher levels of muscle PCr observed in 
sprinters, whose muscles also contain a higher pro- 
portion of type II fibres. [68,69 ^ In addition, it has 
been reported that type I fibres have a lower cre- 
atine content than type II fibres. [70] In the same 
study, within type II fibres resting PCr increased 
with increasing myosin heavy chain IIX isoform 
content (r = 0.59, p < 0.01). The content of TCr is 
therefore dependent on the skeletal muscle fibre 
type. 

7.4.2 Influence of Age 

Using muscular biopsies, Moller et al. [71] re- 
ported that PCr concentrations were approxi- 
mately 5% lower in the elderly (52-79 years) com- 
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Fig. 5. Resting muscle phosphocreatine (PCr) content in both 
type I and II muscle fibres in humans. Resting PCr content is 
higher in type II vs type I muscle fibres. Values are expressed 
as means and SDs (error bars). Study A = Soderlund and Hult- 
man ;[63] study B = Tesch et al.;^ dw = dry weight. 

pared with men and women about 40 years youn- 
ger. This finding has been confirmed by more re- 
cent NMR [72 ~ 74] and muscle biopsy [75>76] studies. 
Therefore, muscle PCr content decreases as a func- 
tion of age. This can be attributed, at least in part, 
to the lower content of type II muscle fibres present 
in elderly individuals.^ 751 Nevertheless, the pre- 
vious studies were performed in healthy but un- 
trained individuals. Consequently, it is difficult to 
determine whether the decrease in muscle PCr is 
caused by aging itself or is simply caused by inac- 
tivity. Further research is necessary in order to 
clarify this topic. 

7.4.3 Influence of Gender 

Comparisons of creatine and PCr levels in skel- 
etal muscle in males and females appear equivocal, 
with one study reporting higher total creatine lev- 
els relative to tissue weight in women, l77] while 
other studies reported no significant differences 
between males and females. [76 * 78] By contrast, TCr 
is clearly increased in the muscle tissue of pregnant 
women. [79] There is, therefore, limited evidence 
that TCr levels are lower in women than men, es- 
pecially when accounting for muscle mass. 

7.4.4 Influence of Training Status 

A study using NMR spectroscopy failed to 
show any significant difference between trained 
and untrained individuals in muscle PCr con- 
tent. [80] Other studies [81 " 83] reported higher levels 
of PCr in the quadriceps muscles of sprinters com- 
pared with long-distance runners. However, since 
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sprinters have more type II muscle fibres than 
long-distance runners, and the resting PCr content 
is higher in type II than in type I muscle fi- 
bres, [63 " 661 these differences may be mainly caused 
by fibre type and not training effects. In any case, 
there is not, at present, enough evidence to suggest 
that differences exist between trained and un- 
trained individuals (both men and women) with re- 
gard to TCr content. Further research is therefore 
required on this topic. 

1 .5 Functions of Creatine in Muscle Cells 

There are five general functional aspects related 
to the creatine/PCr system in muscle cells. These 
are outlined below. 

1.5. 1 Buffering ATP and ADP Content 

During a short period of intense physical exer- 
cise, muscle ATP content may be partially buffered 
and restored after muscle activity has ceased. Dur- 
ing physical inactivity, muscle ADP content is 
buffered. In fact, the formation of CK-mediated 
PCr allows the conversion of ATP to ADP, main- 
taining the substrate for new phosphorylation reac- 
tions. 

Buffering Muscle ATP Content During 
Physical Exercise 

A large pool of PCr is available in type II fibres 
for immediate regeneration of ATP hydrolysed 
during short periods of intense work (see section 
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Fig. 6. Kinetics of muscle ATP and phosphocreatine (PCr) in 
both type I and type II muscle fibres during a 10-second all-out 
exercise bout. ATP is buffered in part during physical exercise 
by PCr hydrolysis. Therefore, PCr decreases during physical 
exercise in a higher amount than ATP in both type I and type II 
muscle fibres. Values are expressed as means and SDs (error 
bars).! 63 - 66851 CK = creatine kinase; dm = dry mass. 
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Fig. 7. Contribution of the total ATP requirement in both 6- and 
30-second sprint exercises. During a 6-second sprint at a power 
output representing -250% maximal oxygen uptake (VC^max), 
phosphocreatine (PCr) hydrolysis contributes -50% of the total 
ATP requirement, whereas during a 30-second sprint averaging 
-200% V0 2 max, PCr hydrolysis only contributes ~25%.f 87 - 88 i 



1.4.1). This PCr hydrolysis buffers, at least in part, 
muscle ATP content during physical exercise in 
both type I and type II muscle fibres (figure 6). 
Nevertheless, after 10-30 seconds of maximal ex- 
ercise, the PCr hydrolysis mediated diminution of 
muscle PCr is higher in type II than in type I muscle 
fibres. [66 ' 84 ' 85] Since ATP turnover rates occur in 
muscle up to 10-15 mmol/kg/sec and the PCr con- 
tent is limited (-70-90 mmol/kg dm), the relative 
importance of PCr hydrolysis as a source of ATP 
regeneration falls off dramatically as the exercise 
duration lasts beyond a few seconds^ 861 In fact, 
during a 6-second sprint, at a power output repre- 
senting 250% maximal oxygen uptake (V02max), 
PCr hydrolysis and glycolysis each contribute 50% 
to the total ATP requirement with very little con- 
tribution from oxidative phosphorylation^ 873 How- 
ever, during a 30-second sprint averaging -200% 
V0 2m ax, PCr hydrolysis only contributes -25% to 
the ATP requirements 1883 (figure 7). 

Restoring Muscle ATP Content After 
Physical Exercise 

Muscle ATP has to be restored to resting values 
after physical exercise; this is partially accom- 
plished through PCr hydrolysis, which also has to 
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be resynthesised. In the past, a simple monoexpo- 
nential model was proposed to describe the time 
course of PCr concentration change after exer- 
cised 89 ' 901 However, more recent studies 191 " 931 
found PCr to recover initially more rapidly and 
thereafter more slowly than a simple monoexpo- 
nential model would indicate. In addition, Soder- 
lund and Hultman C63] found that, during recovery, 
PCr concentration in type II muscle fibres was 
higher than in resting muscle before exercise. Sim- 
ilar findings were obtained in cat soleus muscle by 
Kushmerick et al. [94] as well as in human anterior 
tibialis muscle [95] (figure 8). Since it is impossible 
for the monoexponential curve to over- or under- 
shoot the level observed at rest, Nevill et al. [95] 
proposed a double-exponential model for PCr re- 
synthesis. In the study of Soderlund and Hult- 
mant 631 and in the Nevill et al. [95] study, the exer- 

O Study A: PCr recovery after electrical stimulation 
with occluded muscle 



• Study B: PCr recovery after intensive dynamic 
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Fig. 8. Phosphocreatine (PCr) recovery after maximal exercise. 
Data described here are taken from two studies; study A used 
31 P-magnetic resonance spectroscopy after maximal electrical 
stimulation of the anterior tibialis with occluded muscle; study B 
used needle biopsy tissue from the vastus lateralis after inten- 
sive dynamic exercise. A transient overshoot is observed in PCr 
recovery after physical exertion with occluded muscle. This over- 
shoot may be caused by a sudden return of blood to the leg after 
occluded muscle, removing more H + and, therefore, varying the 
rate of PCr resynthesis during recovery. Values are expressed 
as means and SDs (error bars) [reprinted from Nevill et al., [951 
with permission from the publisher]. 



cising muscle was occluded, and recovery was in- 
itiated by a sudden return of blood to the leg. Be- 
cause the supply of oxygen to tissue and the re- 
moval of metabolites such as lactate and H + 
determine the rate of PCr resynthesis, [96] this 
higher blood flow to the muscle tissue may im- 
prove the PCr resynthesis during recovery, ex- 
plaining the overshoot observed in these studies. 
After physical exertion this PCr resynthesis allows 
ATP resynthesis in muscle cells by CK reaction 
after physical exertion. PCr resynthesis after phys- 
ical exercise is an aerobic process, [97] being pro- 
portional to the mitochondrial oxygen uptake 
(V0 2 ) rate. [90 ' 98 - 103] In this regard, PCr resynthesis 
in type I is higher than in type II muscle fibres after 
60 seconds of recovery. [66 J Finally, PCr resynthe- 
sis is lower in elderly than in young individu- 
als^ 72 ' 101 ' 104 " 1061 decreasing 8% every 10 years in 
individuals over 30 years of age. [106] 

Buffering Muscle ADP Content 

In periods of muscle inactivity, less ATP is 
needed by muscle cells. In these situations CK ca- 
talyses the reversible transfer of the y-phosphate 
group of ATP to the guanidino group of creatine to 
yield ADP, PCr and H + . Therefore, the formation 
of PCr allows the conversion of ATP to ADP, 
maintaining the substrate for new phosphorylation 
reactions. Because of the high cytosolic CK activ- 
ity in these muscles, the CK reaction remains in a 
near-equilibrium state, keeps muscle ADP and 
ATP contents almost constant (over several sec- 
onds), and thus 'buffers' the cytosolic phosphory- 
lation potential that seems to be crucial for the ad- 
equate functioning of a variety of cellular 
ATPases. [8] 

7.5.2 'Shuttle' Hypothesis for the Creatine 
Kinase System 

Two isoforms of CK exist in mitochondria: 
ubiquitous mitochondrial CK (Mi-CK) and sarco- 
meric Mi-CK. Both are located in the mitochon- 
drial intermembrane space and both form homo- 
dimeric and homo-octameric molecules that are 
readily interconvertible. Distinct CK isoenzymes 
are associated with different sites. Mi-CK is in the 
mitochondrial intermembrane space (site of ATP 
production), and cytosolic CK is bound to the myo- 
fibrillar M line, the sarcoplasmic reticulum, or the 
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plasma membrane (sites of ATP consumption). It 
is well known that type I muscle fibres and myo- 
cardial fibres depend on a more continuous deliv- 
ery of high-energy phosphates to the sites of ATP 
utilisation. According to the 'transport' ('shuttle') 
hypothesis for the CK system^ 8 ' 107-1 15] the y-phos- 
phate group of ATP, synthesised within the mito- 
chondrial matrix, is transferred by Mi-CK in the 
mitochondrial intermembrane space to creatine to 
yield PCr, ADP and H + . ADP liberated by the Mi- 
CK reaction may be directly transported back to 
the matrix where it is rephosphorylated to ATP. 
PCr leaves the mitochondria and diffuses through 
the cytosol to the sites of ATP consumption. CK 
isoenzymes of these sites regenerate ATP and thus 
warrant a high phosphorylation potential in the in- 
timate vicinity of the respective ATPases. Liber- 
ated creatine, diffuses back to the mitochondria, 
closing the cycle (figure 9). According to this hy- 
pothesis, transport of high-energy phosphates be- 
tween sites of ATP production and ATP consump- 
tion is achieved mainly (but not exclusively) by 
PCr and creatine. For the buffer function, no Mi- 



CK is required. Mi-CK may be a prerequisite for 
efficient transport of high-energy phosphates, es- 
pecially if diffusion of adenine nucleotides across 
the outer mitochondrial membrane is limited. In 
accordance with these ideas, the proportion of Mi- 
CK seems to correlate with the oxidative capacity 
of striated muscles. [8] 

7.5.3 Buffering ofpH 

Because net PCr hydrolysis consumes hydrogen 
ions, it may contribute to buffering intracellular 
acidosis during physical exercise when the CK re- 
action favours ATP resynthesis from PCr. 

1.5.4 Regulation of Glucose and 
Glycogen Metabolism 

PCr partly inhibits phosphofructokinase (PFK), 
a key glycolytic enzyme and directional flow 
valve. During intense physical exercise, PFK be- 
comes less inhibited because PCr decreases. 
Therefore, during intense physical exertion, the 
rate of glycolysis increases. In addition, when hu- 
mans and animals are depleted of tissue creatine, 
they adapt by increasing oxidative enzymes such 
as Mi-CK, succinate dehydrogenase, citrate syn- 
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Fig. 9. 'Shuttle' hypothesis for the creatine kinase (CK) system. (1) ATP synthesised within the mitochondrial matrix is used by 
mitochondrial CK (Mi-CK) to phosphorylate creatine in the intermembrane mitochondrial space, yielding phosphocreatine (PCr), ADP 
and H + ; (2) the ADP liberated by this reaction may be transported back to the matrix where it is rephosphorylated to ATP, in addition, 
the liberated H + may yield ATP by F r ATPase; (3) PCr leaves the mitochondria and diffuses through the cytosol to the sites of ATP 
consumption (myofibrillar M line, sarcoplasmic reticulum or plasma membrane), where (4) CK isoenzymes regenerate ATP, which 
is used as a substrate by the respective ATPases. The ADP liberated in these reactions is used as a substrate for the cytosolic CK 
reaction; (5) the creatine liberated by the CK reaction diffuses back to the mitochondria, closing the cycle. Pj = inorganic phosphate. 
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thase, and GLUT-4 glucose transporters.^ 16>117] 
All of these proteins are involved in aerobic meta- 
bolism and can offset the lack of anaerobic energy 
supplied by the PCr system. 

7.5.5 Membrane Stabilisation 

PCr may stabilise the plasma membrane be- 
cause of the zwitterion nature of the PCr molecule 
with its negatively charged phosphate and acidic 
groups and its positively charged guanidino groups 
(figure 3). PCr binds to the phospholipid head 
groups and thus decreases membrane fluidity and 
decreases the loss of cytoplasmic contents. [28] 

2. Pharmacokinetics 

To date, much of the work on creatine has fo- 
cussed on its use as an ergogenic aid and on its 
clinical effects rather than on characterising the 
pharmacokinetics, thus leaving a research gap. It 
is difficult to compare studies of creatine pharma- 
cokinetics because of differences in the study de- 
sign, creatine products, and methods of analysis. 
In addition, many of the reported studies are in- 
complete with regard to pharmacokinetic analysis, 
and further research is necessary in order to estab- 
lish standard pharmacokinetic parameters. 

2.1 Pharmacokinetics of a Single Dose 
2. 1. 1 Absorption 

After creatine ingestion, creatine can pass 
through the gastrointestinal tract epithelia into the 
blood. Oral absorption of creatine depends on the 
physicochemical properties of the molecule and on 
the splanchnic blood flow. If one considers the lat- 
ter factor as being constant, and bearing in mind 
that creatine may be administered orally either as 
a solution or solid, is the form of creatine ingestion 
the main factor responsible for alterations in cre- 
atine absorption rate? In this regard, Harris et 
al. tll8] examined the plasma concentration curve 
obtained over 6 hours after ingestion of 2g of cre- 
atine either in solid form or in solution. Creatine 
ingested as a solid form (as a lozenge or as a crys- 
talline suspension in ice-cold water) resulted in a 
20% lower peak concentration compared with the 
same dose administered in solution. The authors 
concluded that creatine administered in the form 
of meat or as other solid forms is readily absorbed 
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Fig. 10. Serum creatine kinetics after oral creatine ingestion. 
Fasting serum values of creatine are about 50-100 nmol/L in 
humans. Following 5g creatine ingestion, the peak value of se- 
rum creatine occurs in 1 hour, reaching plasma values of 600- 
800 nmol/L The return to fasting values occurs after 5-7 hours. 
In response to 20g creatine, plasma creatine concentration in- 
creases by 50-fold (peak value of 2170 ± 660 nmol/L), and this 
occurs approximately 2.5 hours after ingestion. Values are 
means and SDs (error bars).! 30 * 119 - 120 ! 

but may result in slightly lower peak concentra- 
tions than when the same dose is ingested as a so- 
lution. 

2. 1.2 Peak Values in Blood 

Following 5g of oral creatine solution, the peak 
value of serum creatine occurs in 1 hour, reaching 
plasma values of 600-800 jimol/LJ 30 ' 1191 In re- 
sponse to lower doses (<2g creatine), the blood 
increase in creatine is insignificant. By contrast, in 
response to higher doses (20g creatine), plasma 
creatine concentration increased by 50-fold (peak 
value of 2.17 ± 0.66 mmol/L), and this occurred 
approximately 2.5 hours after ingestion 11201 (figure 
10). In this respect, we may consider that oral ad- 
ministration of medium-low doses of creatine 
(around 5g) in humans demonstrates a time to max- 
imal plasma concentration (T max ) of less than 2 
hours, whereas at doses above lOg, T max increases 
to over 3 hours. [28] 

2. 7.3 Clearance 

After 5g of oral creatine ingestion, the return to 
fasting values (50-100 u.mol/L) occurs after 5-7 
hours. 130 ' 1191 Creatine can be cleared from the 
blood via two parallel pathways. The first is a sat- 
urable uptake (see section 1.2) into various organs 
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Fig. 11. Usefulness of the area under the plasma creatine concentration-time curve (AUC) after creatine ingestion. In both theoretical 
curves 5g creatine were ingested, with or without concomitant intake of carbohydrates. To determine AUCs of plasma creatine, equations 
of both curves are necessary. Then the area is calculated by integral calculation. The theoretical curve of 5g creatine alone was 
defined by equation 1 y 1 =-o.8H8x 6 +23.756x 5 -279.42x 4 + I683.9x 3 -5459.4x 2 +8848.ix- 4741.8, whereas the curve of 5g creatine with 
carbohydrates was defined by equation 2 y 2 =-U4i6x 6 + 35.0i3x 5 -394.47x 4 +2260.ix 3 -6907.6x 2 + I0506x- 5420.9 . For both equations, y 
is the serum creatine content (nmol/L), and x is the time (h). Then yi AUC is calculated by defined integral [1 , 7.5] of yi = 3040.60 p.mol/L 
• h, and y 2 AUC is calculated by defined integral [1 , 7.5] of y 2 = 2836.06 jimol/L • h. For 6.5 hours (7.5 -1 ), y 2 AUC (5g creatine with 
carbohydrates) is less than yi AUC (5g creatine alone). Since the amount of creatine ingestion is the same in both cases, this 
decrement may be caused by both a major creatine uptake by muscle cells and/or a higher creatine excretion into the urine. 
Considering a constant urinary excretion of creatine for a 6.5-hour period (7.5 -1) after 5g creatine ingestion with carbohydrates, 
3040.60 -2836.06 = 204.54 ^mol/L • h more than 5g creatine-alone ingestion may be taken by muscle cells. 



and cells (mainly muscle tissue). It will be men- 
tioned later (see section 2.3) that several factors 
affect this uptake. The second pathway is renal 
elimination. This second pathway is used when 
creatine uptake by cells is saturated, so it is proba- 
bly not used after a single dose of 5g creatine. 

2. 7.4 Usefulness of the Area Under the Plasma 
Creatine Concentration-Time Curve After a 
Single Dose 

Since creatine in the blood may only be taken 
up by tissues (mainly muscle) and eliminated by 
the kidney (as creatine and Crn), the area under the 
plasma creatine concentration-time curve (AUC) 
coupled with urinary creatine and Crn excretion is 
a marker of creatine uptake by muscle. For exam- 
ple, a lower AUC of plasma creatine when creatine 
is ingested with carbohydrates compared with 
when it is ingested alone, would indicate higher 
creatine uptake by muscle when creatine is in- 
gested with carbohydrates (figure 1 1). 



2. 7.5 Intravenous Administration 

Intravenous administration of creatine is used in 
heart surgery, as well as by elite sportsmen to im- 
prove creatine uptake by muscle cells. In Italy, cre- 
atine is manufactured at 0.5, 1 and 5g doses. The 
appropriate intravenous dose to raise the plasma 
creatine concentration above 400 |xmol/L (optimal 
for muscle uptake) should range from 300-600mg 
creatine. The optimal intravenous injection of cre- 
atine, its safety, and its half-life in plasma, remain 
to be elucidated. In fact, to our knowledge, the half- 
life of plasma creatine after intravenous injection 
has been studied only for small amounts (0.1-3mg 
creatine), and ranges from 20-70 minutes. [121] 

2.2 Pharmacokinetics of Multiple Dosages 

When creatine is used as an ergogenic aid, it is 
usually administered over several days. It is there- 
fore necessary to analyse its pharmacokinetics dur- 
ing multiple dosages. 
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2.2. 1 Creatine Retention by Tissues 

When creatine is administered at a rate of 20 g/d 
over several days, almost 30% of the administered 
creatine is retained during the initial 2 days of sup- 
plementation, but this percentage decreases to only 
15% from days 2 to 4J 4 ' 122] Thus, most of the in- 
gested creatine is retained by the body (mainly 
muscle tissue) in the first few days of administra- 
tion, and most ingested creatine (85-90%) is ex- 
creted as creatine and Crn in the urine with con- 
tinued daily supplementation. Green et al. [119] 
investigated the effects of creatine ingestion on 
plasma creatine levels at days 1 and 3 of a 2-day, 
20 g/d regimen. Following a 5g dose on day 1, 
plasma creatine reached a peak value of 170 mg/L 
at a T max of 50 minutes. On day 3, after a 5g dose, 
plasma creatine had a peak value of 234 mg/L at 
the same T^. Interestingly, the authors found a 
lower AUC (about 7%) on day 1 than on day 3. 
This difference was probably caused by incom- 
plete clearance of creatine from the blood on day 
3, since on day 1 plasma creatine reached near 
baseline levels by 270 minutes, whereas on day 3 
plasma creatine was 7 times higher than baseline 
values at 270 minutes. These data suggest a re- 
duced muscle uptake after 2 days of 20 g/d oral 
creatine administration (figure 12). Taken to- 
gether, these data suggest an impairment of exog- 
enous creatine retention into cells with creatine ad- 
ministration of 20 g/d for more than 2 days. 
Following these results and others (see section 
2.2.2), we proposed a schema of creatine supple- 
mentation (see section 2.4), but more studies are 
needed to clarify the pharmacokinetic effects of 
multiple doses of creatine and its changes in rela- 
tion to age, training status, gender and previous 
TCr content in muscle. 

2.2.2 Creatine and Creatinine Excretion During 
Multiple Dosages 

As previously discussed (see section 2.1.4), el- 
evated plasma creatine levels after multiple cre- 
atine doses (over several days) are caused by lower 
tissue uptake. In fact, Kamber et al. [123] reported 
that after creatine administration (20 g/d, for 5 
days) basal plasma creatine increased from 62 ± 5 
to 155 ± 29 Ltmol/L, due to saturated creatine con- 
sumption by tissues. The creatine excess may be 
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Fig. 12. Creatine pharmacokinetics at day 1 and day 3 of a 2-day, 
20 g/d regimen. Both peak values of plasma creatine and the 
area under the plasma creatine concentration-time curve after 
creatine ingestion (AUC) of plasma creatine after a single 5g 
creatine dose are higher at day 3. Considering constant urinary 
excretion of plasma creatine, these results suggest less creatine 
uptake by tissues (mainly muscle tissue) at day 3. Values are 
expressed as percentage of plasma values after a normal 5g 
creatine dose^ 1191 Dotted horizontal line represents AUC of 
plasma creatine after a 5g creatine dose administered on day 1 
(100%). 

excreted in urine; however, the creatine spillover 
by urine is minimised because it has been sug- 
gested that CRT1 is also found in the kidney and 
may serve to reabsorb creatine from the urine. [8] 
Thus, creatine recirculated in plasma may be de- 
graded non-enzymatically to Crn. Unfortunately, 
results are controversial concerning plasma Crn af- 
ter creatine supplementation. [123_130] This means 
that one or more unknown covariables influence 
plasma Crn after creatine administration. Since 
these were randomised placebo-controlled studies, 
the covariable is probably the kind of creatine ad- 
ministration. Accordingly, we classified these 
studies into two groups: (i) carbohydrate group, 
where creatine was administered in conjunction 
with carbohydrates; and (ii) noncarbohydrate 
group, where creatine was administered alone (fig- 
ure 13). This figure shows that plasma Crn is lower 
when creatine is administered with carbohydrates. 
As will be discussed later (see section 2.3.1), cre- 
atine uptake by tissues can be substantially aug- 
mented when creatine is ingested in conjunction 
with large quantities of simple carbohydrates able 
to stimulate endogenous insulin secretion. There- 
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Study A 

10 well trained men (28.4 ± 0.7y) 
Study B 

7 healthy men (23 ± 4y) 
Study C 

1 1 healthy men (23.9 ± 2.9y) 
Study D 

11 healthy men (19 ±23y) 
Study E 

48 amateur college athletes 

Study F 

1 7 footballers 

Study G 

19 young men and 17 young women 
Study H 

9 women (27 ± 6y) 
Study I 

7 women (26 ± 8y) 
Study J 

25 footballers (19.9±0.3y) 



Creatine dosage 
20g Cr + 16.8g CHO/d 5d 

20g Cr + 370g CHO/d 5d 

10g Cr + 75g CHO/d 8wk 

20g Cr + 1 L orange juice/d 7d + 
10g Cr + 1 L orange juice 7d 

0.3g Cr/kg/d 5d + 5g Cr/d 1 1 wk 
15.75g Cr/d 5 days + 5-^8g Cr/d 1y 
10gCr/d56d 

20g Cr/d 5 days + 3g Cr/d 8wk 
20g Cr/d 5 days + 3g Cr/d 8wk 
15.75g Cr/d28d 



NS 
I — 



□ Creatine with CHO 

■ Creatine alone 

O Means for studies of 

creatine with CHO 
• Means for studies of 

creatine alone 




0 5 10 15 20 25 30 35 40 
A serum creatinine (%) 

Fig. 13. Reported studies showing effects of creatine (Cr) supplementation with carbohydrates (CHO) and without CHO on serum 
creatinine values. Total studies of creatine supplementation are expressed as means and 95% CIs (error bars). Serum creatinine 
after creatine supplementation is higher in studies without CHO administration in conjunction with creatine.! 123 * 131 ! Study A = Kamber 
et al.;t 123 l Study B = Robinson et al.;f 12 4 Study C = Tarnopolsky et al.;f 125 ^ Study D = Jowko et al.;l 126 l Study E = Millard-Stafford et al.;^ 127 l 
Study F = Kreider et al.;t 128 l Study G = Kuehl et al.;< 129 l Study H = Robinson et a1.;t 124 i Study I = Robinson et al.;^ 124 l Study J = Kreider 
et al.l 1301 NS = not significant; A indicates change in. 



fore, less creatine remains in the circulation and 
less is non-enzymatically converted to Crn. This 
hypothesis is confirmed by the smaller increases in 
urinary Crn when creatine (20g creatine per day for 
5 days [123] or lOg creatine per day for 8 weeks [1251 ) 
is administered with carbohydrates. 

Similarly, Hultman et al. [122] reported that Crn 
excretion increased from -10 to -15 mmol/d after 
creatine administration alone (20g creatine/d, for 6 
days). Indeed, after the first day of creatine supple- 
mentation, Crn excretion remained at baseline val- 
ues (-10 mmol/d). On day 3 Crn urinary excretion 
was -12.5 mmol, and on day 5 it was -15 mmol. 
This is in accord with another study. [131] By con- 
trast, Burke et al. [132] reported that urinary Crn ex- 
cretion was insignificant at the second day of 7 
days of creatine administration at a rate of 0.1 g/kg 
lean body mass (6-8g creatine/d) in 20 well trained 



sportsmen. These data are in agreement with ear- 
lier studies, which demonstrated that there is no 
increase in Crn excretion until a significant amount 
of the administered creatine has been retained. 12 ' 3 ^ 
In other words, Crn excretion increases only when 
TCr uptake is saturated. Taken together, these find- 
ings suggest that creatine administrated with car- 
bohydrates favours its cell uptake, and therefore, 
less creatine is kept in the blood and excreted in 
urine. The best scientific evidence suggesting the 
drop in urinary creatine and Crn by creatine admin- 
istration in conjunction with carbohydrates com- 
pared with creatine administration alone is the 
study of Steenge and co-workers. E1331 In this study, 
the total urinary creatine and Crn excreted over a 
40-hour period was less during and after a 24-hour 
creatine supplementation period (total of 20g, four 
times 5g creatine) in conjunction with carbohy- 
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drates. Moreover, creatine retention in muscle was 
higher after this kind of supplementation com- 
pared with placebo. 

2.2.3 Return to Baseline Values 

After cessation of creatine administration (20 
g/d, for 6 days) TCr concentration in muscle grad- 
ually declines. Thirty days after cessation, the con- 
centration is not different from the presupple- 
mentation values, and creatine loss from muscle 
during this period closely matches the increase in 
Crn excretion. [122] 

2.3 Factors Affecting Creatine Uptake by 
Muscle Ceils 

Since 1920, creatine ingestion was recognised 
as an effective method to increase muscle TCr con- 
tent. [4_7] Short-term creatine ingestion (20-30g 
creatine per day, for 5-10 days) has been shown 
to increase muscle TCr content by 15-20% in 
humans (-20 mmol/kg dm), with an upper limit 
of intramuscular TCr content at -165 mmol/kg 
^[30,78,84,122,134-137] However, it is important to 
note that there is wide variation among individuals 
(0-40 mmol/kg dm).t 30 ' 134 ' 138 ! This variation in 
creatine accumulation during supplementation can 
be accounted for by several factors, as discussed 
below. 

2.3 J Insulin Action 

It has been reported in animal [32 ' 139_141] and hu- 
man [ii9,i34] studies that an increase in muscle cre- 
atine accumulation originates from carbohydrate- 
mediated insulin release. In this respect, Green et 
a j [134] re p 0r ted that creatine ingestion in combina- 
tion with a carbohydrate-containing solution (93g 
of simple carbohydrates) increased muscle TCr by 
>25% in humans. This was 60% greater than the 
increase observed when creatine was ingested 
alone. In addition, creatine and carbohydrate in- 
gestion dramatically elevated insulin concentra- 
tion. Furthermore, when creatine was administered 
with simple carbohydrates the interindividual vari- 
ability in muscle creatine accumulation was re- 
duced: all participants showed an increase in mus- 
cle TCr content >20 mmol/kg dm; by contrast, only 
half of the individuals who ingested creatine alone 
had an increase of this magnitude (figure 14). This 
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Fig. 14. Individual muscle total creatine (TCr) increase after in- 
gesting 5g creatine alone or 5g creatine followed 30 minutes 
later by 93g simple carbohydrate (CHO) solution, four times 
each day for 5 days. Ingestion of creatine in conjunction with 
CHO reduced the interindividual variability in the magnitude of 
muscle TCr accumulation, such that ail individuals demonstrated 
an increase in muscle TCr content >20 mmol/kg dmJ 134 ^ dm = 
dry mass. 

study clearly suggests that an increase in muscle 
creatine accumulation originates from carbohy- 
drate-mediated insulin release in humans. This is 
supported by a report showing that the AUC of 
plasma creatine and peak creatine concentration 
are lower after ingesting 5g creatine per day with 
500ml of Lucozade (Smithkline Beecham, Col- 
eford, UK) containing 94g of simple carbohy- 
drates. [1331 In this study, creatine retention was also 
higher compared with creatine administration 
without carbohydrates. The best scientific evi- 
dence suggesting the insulin-induced increase in 
creatine uptake by tissues is the study of Steenge 
et al. [142] These investigators found a strong corre- 
lation between the dose of infused insulin and the 
observed change in muscle TCr concentration (r = 
0.977, p < 0.001) after a single creatine adminis- 
tration (12.4g). Two mechanisms have been pro- 
posed to explain this insulin-induced improvement 
in creatine uptake by tissues: 

Insulin-Stimulated Muscle Blood Flow 
Insulin stimulates muscle blood flow. [143] Con- 
sequently, the increase in muscle creatine accumu- 
lation after creatine and carbohydrate consump- 
tion in humans could be, at least in part, the result 
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of an insulin-mediated increase in muscle blood 
flow and thereby muscle creatine availability. This 
hypothesis was tested by Steenge et al. [142] in seven 
healthy men after ingestion of 12.4g creatine cou- 
pled with intravenous insulin infusion at four dif- 
ferent rates. Insulin augmented muscle TCr content 
only when insulin was clamped at 100 and 200 
mU/L (55 and 105 mU/m 2 /min), but no relation 
was observed between the insulin-induced in- 
crease in muscle blood flow and the increase in 
muscle TCr concentration at each insulin infusion 
rate (figure 15). Therefore, the contribution of in- 
sulin-mediated increases in muscle blood flow to 
stimulate muscle creatine uptake may be consid- 
ered of little significance. 

Insulin-Stimulated Na + -K + ATPase 

It has been reported that insulin translocates the 
Na + -K + ATPase subunits, oc2 and JJl, from intra- 
cellular compartments to the plasma mem- 
brane.^ This stimulates Na + -K + ATPase func- 
tion^ 321 and allows creatine to enter the muscle 
against a concentration gradient. t22 ' 32 35] There- 
fore, the insulin-induced enhanced TCr accumula- 



O TCr increase 




Insulin-infusion rate (mU/m 2 /min) 

Fig. 15. Increase in regional blood flow and total creatine (TCr - 
creatine + phosphocreatine) content in vastus lateralis muscle, 
measured in seven healthy men (age 25.9 ± 3.0y, weight 72.6 
+ 3.4kg) after ingestion of 12.4g creatine (oral and nasogastric 
administration) coupled with intravenous insulin infusion (at four 
different rates). Insulin augmented muscle TCr content only 
when insulin was clamped at 100 and 200 mU/L (55 and 105 
mU/m 2 /min). No relationship was observed between the in- 
crease in muscle blood flow and the increase in muscle TCr 
concentration at each insulin infusion rate. Therefore, the con- 
tribution of insulin-mediated increase in muscle blood flow to 
stimulate muscle creatine uptake was insignificant. 11421 dm = dry 
mass. 



tion after creatine administration in conjunction 
with carbohydrates may be explained, at least in 
part, by the insulin-mediated translocation of Na + - 
K + ATPase. Nevertheless, in the study of Steenge 
et al. [142] the insulin-mediated improvement in 
muscle creatine accumulation in humans was only 
present at high physiological (-100 mUI/L) or 
supraphysiological (-200 mUI/L) concentrations 
(55 and 105 mU/m 2 /min) [figure 15]. 

In summary, creatine accumulation can be sub- 
stantially augmented in human skeletal muscle 
when creatine is ingested in conjunction with large 
quantities of simple carbohydrates able to stimu- 
late endogenous insulin secretion. The contribu- 
tion of insulin-mediated increase in muscle blood 
flow to stimulate muscle creatine uptake may be 
considered to be of little significance. Further re- 
search is therefore needed to clarify the amount of 
insulin and carbohydrates needed to maximise cre- 
atine uptake by muscle tissue. 

2.3.2 Intracellular Creatine Content 

A recent study [145] analysed the changes in tis- 
sue creatine concentrations accompanying cre- 
atine administration (l-2g creatine/kg body- 
weight/day for 8 weeks) in various animal species 
(rat, mouse and guinea pig). During creatine sup- 
plementation, the relative increase of TCr was low 
(15-55% of presupplementation values) in organs 
with high presupplementation concentrations 
(brain, skeletal and heart muscle, 10-22 mmoi/kg 
wet weight), and high (260-500% of presupple- 
mentation values) in organs with low pre- 
supplementation concentrations (liver, kidney and 
lung, 5-8 mmol/kg wet weight). This suggests that 
the intra-extracellular creatine concentration gra- 
dient is another important determinant of creatine 
uptake. This is in agreement with data reported in 
humans, where the highest increases in muscle 
TCr after creatine supplementation are seen in in- 
dividuals with low or depleted muscle TCr con- 

tent [30,84,146,147] effect bg probably achie _ 

ved by downregulation of creatine transporters 
expression^ 35 ! These findings suggest that in order 
to maximise creatine uptake, a low presupple- 
mentation concentration of creatine in tissues is 
necessary. In fact, the increase in muscle TCr after 
creatine supplementation is higher in middle-aged 
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(increase by 30%) than in young people (increase 
by 15%), probably because the former have lower 
initial muscle TCr concentrations than younger in- 
dividuals. [74] In agreement with this, Greenhaff et 
a i [84] re p 0r ted that all of those who responded to 
creatine ingestion with increased muscle creatine 
content presented initial TCr concentrations lower 
than 120 mmol/kg dm, while those who did not 
respond had initial concentrations higher than 130 
mmol/kg dm. These results may help to explain the 
large variability in muscle TCr reported in the lit- 
erature after creatine administration. 

2.3.3 Extracellular Creatine Concentration 

It has been demonstrated that a high extracellu- 
lar creatine concentration downregulates creatine 
transport into isolated skeletal muscle [l48] by 
downregulated expression of gene CRT1 in mus- 
cle fibres. [149] By contrast, in vitro studies [150 ' 1513 
have reported increased insulin secretion mediated 
by extracellular creatine content. Since insulin 
stimulates the Na + -K + ATPase, this could offset 
the downregulation expression of gene CRT1, but 
in vivo studies* 133 ' 134 ' 1421 have failed to find any 
creatine-mediated increase in serum insulin. This 
topic therefore needs to be clarified. 

2.3.4 Electrolyte Concentrations 

In vitro studies have reported that extracellular 
electrolyte concentrations influence creatine up- 
take by muscle cells. In fact, this uptake augments 
as a hyperbolic function of extracellular [CI"] and 
as a sigmoid function of extracellular [Na + ]. [34] In 
accordance with this, it has been reported that a 
decrease of extracellular [Na + ] from 145 to 25 
mmol/L reduces the creatine uptake of type I mus- 
cle fibres by 77%. [152] Nevertheless, to our knowl- 
edge, there is not any evidence of in vivo studies 
suggesting such dependence. Since the variability 
on extracellular [CI - ] and [Na + ] in vivo is minimal 
(much less than in experimental in vitro studies) 
and bearing in mind the equation relating extracel- 
lular [Cl~] and [Na + ] changes with creatine uptake 
by muscle cells in in vitro studies, it is unlikely that 
changes in vivo on extracellular [Cl~] and [Na + ] are 
able to affect creatine uptake by muscle cells. 



2.3.5 Type of Fibre 

After creatine administration in humans, cre- 
atine and PCr contents augment in both type I and 
II muscle fibres. However, a trend towards a larger 
increase in type II muscle fibres has been re- 
ported. [135 ' 153] Since TCr content is higher in type 
II than in type I muscle fibres, 163 " 67 703 this is appar- 
ently in disagreement with the intracellular cre- 
atine content theory (see section 2.4.2), which sug- 
gests a lower increase in cells with a higher 
creatine content. These contradictory findings may 
be explained by a higher CRT1 expression in type 
II muscle fibres, offsetting in these cells the higher 
creatine content-mediated decrease in creatine up- 
take. A recent study [154] confirmed the higher up- 
take of creatine by type II muscle fibres. The au- 
thors found that old individuals (70 ± 2.9 years) 
had a relatively small increase (young 35% vs old 
7%) in muscle PCr after creatine supplementation 
(20 g/d, for 5 days), probably because old individ- 
uals have fewer type II muscle fibres. 

2.3.6 Physical Exercise Before Creatine Ingestion 

Because physical exercise enhances muscle 
blood flow, creatine uptake by muscle cells could 
be augmented by the increase in muscle blood 
flow. In fact, it has been reported that creatine in- 
gestion after 1 hour of submaximal physical exer- 
cise augments muscle creatine accumulation by 
10%, but marked variations among individuals 
were observed. [30] Another study [155] showed that 
the enhanced creatine accumulation after physical 
exercise is specific for the exercised muscle, while 
the non-exercised contralateral muscle of individ- 
uals who supplemented with both creatine plus 
carbohydrates did not increase to the same extent 
as the active muscle. Therefore, a submaximal 
physical exercise-induced increase on muscle 
blood flow stimulates creatine uptake by muscle 
cells, although this is outweighed by creatine in 
combination with large quantities of simple carbo- 
hydrates.^ 1 19,1343 The magnitude of muscle creatine 
accumulation is reduced when creatine and carbo- 
hydrates are ingested after strenuous exercise, 
likely due to an exercise-induced blunting of insu- 
lin release.* 1561 Therefore, when creatine is in- 
gested in combination with carbohydrates, it is not 
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recommended to do strenuous physical exertion 
before the ingestion. 

2.37 Other Factors 

Other factors may enhance or decrease creatine 
uptake by muscle cells, as outlined below: 

Enhancement of Creatine Uptake 

There are several substances that appear to en- 
hance muscle creatine uptake. Odoom et al. [32] 
used a G8 mouse skeletal muscle cell line to 
demonstrate that most of these substances also 
stimulate the Na + -K + ATPase like insulin. Some of 
these substances are: insulin-like growth factor I, 
thyroid hormone (T 3 ) [-70 |nmol/L] and amylin 
(-60 nmol/L). The nonspecific fJ-agonist isopren- 
aline increased TCr content 40-60%, and the (5 2 - 
agonist clenbuterol increased TCr content by 30%. 

Decrease in Creatine Uptake 

The study of Odoom et al. [32] reported that the 
ai-agonist methoxamine decreased TCr content by 
30%, whereas the p-antagonist (i.e. atenolol, 
butaxamine and propranolol) caused a slight 
reduction (<10%) in TCr content. Ouabain also 
inhibits creatine uptake, [157] like cyclosporin, by 
altering surface expression of the creatine 
transporter^ 1581 Creatine analogues are synthetic 
substances experimentally used to induce muscle 
creatine depletion. The structural analogues 3- 
guanidinopropionate and DL-3-guanidinobutyrate 
inhibit creatine uptake by muscle cells by 80 and 
84% relative to creatine, respectively. [8 ' 32 ' 152 ' 159] 
Finally, it has been reported that creatine uptake 
decreases in cases of tocopherol deficiency, [1593 
and an impairment on performance when creatine 
is ingested with caffeine has been reported. [160] In 
this study, both creatine administration alone (0.5 
g/kg/d) or with caffeine (0.5g creatine/kg body- 
weight/day + 5mg caffeine/kg bodyweight/day) 
for 6 days increased muscle PCr concentration by 
4-6%, but while creatine administration improved 
performance during intense intermittent exercise, 
creatine plus caffeine ingestion eliminated such an 
ergogenic effect. In agreement with this, Hespel et 
al. [161] have recently reported a shortening (-5%) 
in muscle relaxation time after creatine administra- 
tion (20 g/d, for 4 days), but not after the same 
ingestion in conjunction with caffeine. These au- 
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thors suggested that creatine administration in con- 
junction with caffeine overrides the shortening of 
muscle relaxation time caused by creatine supple- 
mentation. Since muscle relaxation time is an im- 
portant factor in the performance of nonsustained 
muscle contractions (see section 3.5.4), caffeine 
ingestion in conjunction with creatine is not rec- 
ommended to augment performance in this kind of 
exercise. 

2.4 What is the Appropriate Creatine 
Administration Scheme for Optimal 
Muscle Uptake? 

Creatine is usually administered as a dosage 
regimen consisting of a loading phase of 20 g/d 
(four times 5g) for 5-7 days and a maintenance 
dosage of 3-5 g/d thereafter. Based on creatine 
pharmacokinetics and the previous discussion, we 
propose the following scheme of creatine adminis- 
tration. 

2.4. 1 Optimal Single Dose 

Creatine uptake by muscle cells presents 
Michaelis-Menten kinetics. The Michaelis con- 
stant (K m ) for this transport ranges from 15-30 
H.mol/L [35] (figure 16). Therefore, the maximal cre- 
atine uptake by muscle cells is probably produced 
at concentrations above 300-400 umol/L. In fact, 
following 5g of oral creatine ingestion the peak 
value of serum creatine reaches plasma values of 
600-800 pmol/L within 1 hourJ 30 ' 119] Considering 
K m , this concentration is optimal to maximise cre- 
atine uptake by muscle cells. Moreover, this en- 
hanced creatine uptake may even be improved by 
the simultaneous ingestion of simple carbohy- 
drates. Nevertheless, in order to produce peak cre- 
atine and insulin concentrations at similar time- 
points, a 30-minute delay between creatine and a 
subsequent carbohydrate beverage (500ml with 
90-100g of simple carbohydrates) should be al- 
lowedJ 133 ' 134 ! 

2.4.2 Optimal Multiple Dosage During the First 
Day (Loading Phase) 

A single creatine dose is not sufficient to guar- 
antee adequate muscle stores, and subsequent ad- 
ministrations are therefore required. Because the 
return to fasting values after the previous creatine 
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Fig. 16. Michael is-Menten kinetics for creatine uptake by muscle 
cells. Creatine uptake by muscle cells shows an apparent Mi- 
chaelis-Menten constant (K m ) for creatine in the micromolar 
range (15-30 jimol/L). Maximal rate of creatine uptake by mus- 
cle cells is therefore obtained at serum concentrations higher 
than 300-400 iimol/U 35 ! V max = maximal velocity. 

dose occurs after 5-7 hours,* 30 ' 1191 it seems neces- 
sary to administer four repeated doses of 5g sepa- 
rated by 5-7-hour intervals during the first day in 
order to maintain an increased plasma creatine 
concentration and improve creatine transport into 
muscle cells. Steenge et al. [133] studied the effects 
of multiple creatine administration (four times 5 
g/d, for 1 day) alone and in conjunction with car- 
bohydrates. Excreted creatine and Crn were less 
and creatine retention was higher after carbohy- 
drate treatment. Therefore, the optimal creatine in- 
gestion during the first day seems to be four re- 
peated doses (separated by 5-7-hour intervals), of 
5g creatine in conjunction with 500ml containing 
90-100g of simple carbohydrates. 

2.4.3 Optimal Multiple Dosage During the Second 
Day (Loading Phase) 

With the use of urinary creatine excretion meas- 
urements and the assumption of a muscle mass 
equivalent to 40% of body mass, Steenge and co- 
workers [133] calculated that muscle TCr content in- 
creased by ~7 mmol/kg dm during the 24 hours of 
creatine administration combined with placebo so- 
lution. However, after carbohydrate treatment, the 
estimated muscle TCr content increased by ~9 
mmol/kg dm. Nevertheless, these benefits are not 
sufficient to improve physical performance since 
it has been suggested that an increase in muscle 



TCr content in excess of 20 mmol/kg dm is re- 
quired to exert an ergogenic effect on muscle 
power output [135] and postexercise PCr resynthe- 
s j s [84] Therefore, creatine administration must 
continue. The ingestion of ~100g of simple carbo- 
hydrates with each 5g creatine dose is close to the 
limit of palatability over several days of supple- 
mentation. [134 l In this respect, it has been reported 
that the ingestion of creatine (four times 5g) in 
conjunction with 47g of simple carbohydrates and 
50g of protein resulted in a similar increase in mus- 
cle TCr content than after the same creatine admin- 
istration in conjunction with 94g of simple carbo- 
hydrates. Therefore, for the second day, the 
ingestion of four times 5g creatine in conjunction 
with 47g of simple carbohydrates and 50g of pro- 
tein with each creatine dose can be recommended. 

2.4.4 Optimal Dosage Thereafter 
(Maintenance Phase) 

The majority of muscle creatine accumulation 
occurs in the initial 2 days and, as total creatine 
accumulation is maximised, in the subsequent days 
there is an increase in serum creatine and Crn, with 
spillover of both molecules in the urine (see sec- 
tion 2.2.1 and section 2.2.2). In fact, it has been 
reported that creatine in the urine increases from 
214 ± 44 to 1580 ± 159 arbitrary units after 20g 
creatine per day for 5 days even when administered 
in conjunction with carbohydrates. [1231 In addition, 
Steenge et al. [133] reported an increase in urinary 
creatine after four times 5g creatine during 1 day 
in conjunction with carbohydrates, this increase 
being lower than when creatine administration was 
performed alone. This creatine spillover in the 
urine suggests that transport and accumulation of 
creatine into muscle cells is almost saturated even 
during the first day of creatine administration in 
conjunction with carbohydrates. These data sug- 
gest that creatine accumulation is maximised in the 
initial 2 days of creatine administration even when 
administered in conjunction with simple carbohy- 
drates. Therefore, the maintenance phase would 
start on day 3 of creatine administration. For this 
phase, 3-5 g/d in conjunction with carbohydrates 
seems reasonable. Since the bulk of data suggest 
that creatine has a saturating effect on the muscle, 
we could hypothesise that once loading is accom- 
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plished, the ingestion of creatine three to four times 
per week, instead of daily, could be sufficient to 
maintain total muscle creatine, given the high de- 
gree of muscle saturation and the prolonged wash- 
out effects. Though this has not been proven - or 
even examined - we believe that it is something 
that is both reasonable and a potential topic for 
future research. 

In summary, based on creatine pharmacokinet- 
ics, a supplementation regimen integrated by a 
loading phase of 20 g/d (four times 5g) for 2 days 
and a maintenance dose of 3-5 g/d thereafter may 
be proposed. During the first day of the loading 
phase, creatine must be ingested in conjunction 
with simple carbohydrates (500ml containing 90- 
lOOg of simple carbohydrates), whereas on the sec- 
ond day, creatine could be ingested in conjunction 
with 40-50g of simple carbohydrates and 50g pro- 
tein. The maintenance dose can be of 3-5g creatine 
in conjunction with simple carbohydrates. Carbo- 
hydrate beverage administration should be ideally 
ingested after 30 minutes of creatine ingestion to 
produce peak creatine and insulin concentrations 
at similar time points in order to stimulate muscle 
creatine accumulation. We hypothesise that this 
kind of creatine administration increases muscle 
TCr content at least as rapidly as with classical 
creatine administration but without creatine and 
Crn spillover in the serum and urine. The ergogenic 
effect of this creatine supplementation is the object 
of further discussion. 

3. Creatine Administration as an 
Ergogenic Aid 

Reports of improved performance and weight 
gain in animals and humans after creatine inges- 
tion date back to studies conducted in the early 
1900s. [17] After one century of these findings cre- 
atine is probably the most popular and effective 
ergogenic aid presently available. In the US, cre- 
atine consumption over the last 5 years has 
mounted to over 2 million kilograms per year. 

3.1 Usual Dose of Creatine Administration 

To evaluate the effects of creatine supplemen- 
tation, a commonly used dosage of 20 g/d of cre- 
atine ingested for 4-6 days is employed; this rep- 



resents a dose of ~0.3g creatine/kg bodyweight/ 
day for an average adult. Generally, this amount 
is divided in 5g doses, four to five times per day. 
With this supplementation, most studies report 
an average response of a 15-20% increase in mus- 
cle TCr content. [30 ' 122 ' 135 ' 155] Such an increase is 
sufficient to exert an ergogenic effect on muscle 
power output [61] and postexercise PCr resynthe- 
sisM 

Indeed, muscle creatine increases by ~50% and 
muscle PCr by 12.5%, [162] so the PCr/creatine ratio 
is lower^ 30 ' 122 ' 136 ] and the PCr/ATP ratio at rest and 
muscle TCr are higher than before supplementa- 
tion.^ 

3.2 Creatine Supplementation and 
Short-Term High-Intensity Exercise 

A classical study, [1641 published in 1981, sug- 
gested that creatine supplementation is an efficient 
method for increasing strength and athletic perfor- 
mance during short-term high-intensity exercise. 
In this study, seven patients ingested daily 1.5g of 
creatine for 1 year. The patients increased body 
mass in about 10% and several individuals im- 
proved their strength. One patient, who was an ac- 
tive runner, improved his 100m mark by above 
10%, reducing it from 17 to 15 seconds. More re- 
cently, numerous s tudies [126 ' 130 ' 131 ' 137 ' 165 - 183] have 
confirmed the ergogenic effects of creatine admin- 
istration on short-term high-intensity exercise, 
mainly at dosages of 15-25 g/d for 5-10 days fol- 
lowed by 3-5 g/d thereafter. Even with lower dos- 
ages (7.7g creatine per day, for 21 days), it has been 
reported to have an ergogenic effect on muscle out- 
put. [184] Performance in isometric exercise is aug- 
mented by about 15% in isotonic, and by about 
10% in isokinetic work. In these studies, differ- 
ences were reported in age but not in gender. Con- 
sequently, elderly people (>60 years) may improve 
slightly in isokinetic strength after creatine supple- 
mentation. [185 ' 186] 

By contrast, there are several studies that do not 
show any ergogenic effect on high- intensity exer- 
cise after creatine supplementation. H56,i 87-196] i n 
these studies, probably, muscle TCr content did not 
increase in excess of 20 mmol/kg dm. As sug- 
gested, this increment is required to exert an 
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ergogenic effect on muscle power output. [ 1351 In 
addition, several of these studies were performed 
with elite athletes (in whom it is more difficult 
to enhance muscle output), [187 ' 188 ' 191] in a small 
number of individuals, [189 ' 190 ' l94] over short peri- 
ods of creatine administration, [192] with no habitual 
conditions for the sport, [193] and used exercises 
that measured coordination but not specifically 
strength^ 1951 Therefore, most of the double-blind 
cross-over designs and double-blind studies sug- 
gested an ergogenic effect of creatine administra- 
tion on muscle output for short-term high-intensity 
exercise. Nevertheless, more research is needed to 
clarify the ergogenic effects of lower dosages of 
creatine administration. Several physiological 
mechanisms may underlie the ergogenic action of 
creatine supplementation in short-term high- 
intensity exercise. 

3.2. 7 Increase of ATP Availability 

As previously mentioned (see section 1.5.1), 
during a 6-second sprint at a power output repre- 
senting 250% V02max, PCr hydrolysis contributes 
50% of the total ATP, whereas during a 30-second 
sprint at 200% V0 2 max> PCr hydrolysis contributes 
25% of the total ATP requirement. It is well known 
that muscle PCr content is increased after creatine 
supplementation. If PCr is increased 10-20% after 
creatine administration, the energy supply will be 
increased by 5-10% and 2.5-5%, for the 30- and 
6-second sprints, respectively. [86] Thus, creatine 
supplementation may be of potential benefit in en- 
ergy provision during short-term high-intensity 
exercise, because of its buffering cytosolic phos- 
phorylation potential. 11971 Since the energy cost of 
muscle contraction does not vary after creatine 
supplementation^ 1981 the muscle power output 
should be higher, and this is mainly seen in type II 
muscle fibres. E1021 This theory is currently ac- 
cepted and it has been advocated as an explanation 
for the success of some sprinters. [ 1991 

3.2.2 Muscle Fibre Hypertrophy 

Volek et al. [137] reported that creatine supple- 
mentation for 12 weeks (25 g/d for the first week 
followed 5 g/d thereafter) in conjunction with 
heavy resistance training increased type I, IIA and 
IIAB muscle fibre cross-sectional area by 11, 35 
and 36%, respectively. By contrast, in the placebo 



group (only heavy resistance training), these cross- 
sectional areas increased by 1 1 , 1 5 and 6% , respec- 
tively. Other data [2001 suggest that oral creatine 
supplementation may augment fibre hypertrophy 
during a resistance-training programme following 
muscle disuse atrophy. Accordingly, it has been 
reported that ingestion of 20g creatine per day for 
5 days, in conjunction with resistance training, in- 
creased arm cross-sectional area by 7.9cm 2 versus 
placebo. 11711 Taken together, these findings sug- 
gest that creatine administration in conjunction 
with resistance training results in greater muscle 
fibre hypertrophy than training alone. There are 
three possible physiological mechanisms underly- 
ing this muscle fibre hypertrophy, as outlined be- 
low: 

Growth Hormone Delivery 

It has been suggested that creatine has an indi- 
rect anabolic effect.^ 2011 In this comparative cross- 
sectional study, [2011 a significantly higher growth 
hormone level was observed after acute creatine 
loading (20g). Nevertheless, a large interindivid- 
ual variability was observed. The peak plasma val- 
ues of growth hormone were generally obtained 
2-6 hours after creatine administration. In another 
report, [202] creatine ingestion did not affect either 
growth hormone nor testosterone secretion. In this 
study, venous blood was sampled before, immedi- 
ately after, and 30 and 60 minutes after the training 
session, but no measures were done 2-6 hours after 
creatine administration, when the potential indi- 
rect anabolic effect of creatine is higher. There- 
fore, this mechanism is not clear at present and 
further research is warranted. 

Contractile Protein Synthesis 

Ingwall et al. [2031 showed that creatine, in a con- 
centration range between 10 |imol/L and 5 
mmol/L, significantly increased the synthesis of 
myosin heavy chain protein in vitro. Accordingly, 
Silber et al. [2041 reported that 5 mmol/L of exoge- 
nous creatine added to the culture of growing 
myoblasts stimulated selectively the biosynthesis 
of the specific contractile protein myosin heavy 
chain by 30%. Subsequent studies have confirmed 
these results, [205 " 209] which have been supported by 
the fact that animals fed with the creatine analogue 
(5-guanidinopropionic acid, which induces a deple- 
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tion in intramuscular creatine, experience a loss of 
myofilaments and hypotrophy of type II muscle 
fibres. [210_212] Nevertheless, these studies did not 
attempt to determine an underlying mechanism but 
speculated that creatine may actually increase my- 
osin synthesis. In this regard, Willoughby and 
Rosene [213] showed a 57.92% increase in myofi- 
brillar protein after 12 weeks of creatine adminis- 
tration at a rate of 6g creatine per day in conjunc- 
tion with resistance training. This increase was 
significantly higher than that observed in the con- 
trol (2.75%) and placebo (11 .62%) groups. The au- 
thors suggested that the increased expression of 
myosin heavy chain mRNA and protein as a result 
of 12 weeks of creatine supplementation were re- 
flected in the observed increase in myofibrillar 
protein content. Since this study incorporated par- 
ticipants who were not resistance trained, further 
research with resistance-trained individuals is nec- 
essary. 

In addition, it has been reported that combina- 
tion of creatine and increased functional loading 
augmented satellite cell mitotic activity. [214] When 
creatine accumulates in cells, water drag occurs 
and results in increased cell hydration. In fact, an 
increase of 2-3% in intracellular fluid volume has 
been reported after creatine ingestion (0.35g cre- 
atine/kg fat free mass/d). [215] Hyperhydration may 
act as an anabolic signal stimulating protein syn- 
thesis, [28] but this theory has not been directly in- 
vestigated. It has to be stated that other investiga- 
tors failed to show any stimulatory effect of 
creatine on protein synthesis. [216 ~ 219] However, 
most of these studies were in vitro or animal mod- 
els, not representative of an in vivo human model 
like the study of Willoughby and Rosene. [213] 
Therefore, taken together, these data suggest an 
anabolic property of creatine, by an increase in my- 
osin heavy chain isoform mRNA expression, 
mainly when creatine is administered in conjunc- 
tion with resistance training. However, this prop- 
erty remains to be demonstrated in resistance- 
trained individuals. 

Reduced Protein Catabolism 

An anticatabolic effect of creatine administra- 
tion could also explain, at least in part, the potential 
hypertrophic effect of creatine. In the series of ex- 



periments by Ziegenfuss et al., [215] creatine was 
able to improve net nitrogen status by increasing 
protein synthesis and/or decreasing protein break- 
down. Moreover, using whole-body leucine kinet- 
ics and mixed muscle fractional protein synthetic 
rates, Parise et al. [219 ' 220] measured protein synthe- 
sis during creatine supplementation in humans. 
They did not find any increase in protein synthesis, 
but suggested a possible decrease in protein catab- 
olism in men, but not in women. Whether creatine 
may decrease protein breakdown remains to be elu- 
cidated. 

In summary, the ergogenic effects of creatine 
supplementation on muscle power output are 
mainly caused by both increased ATP availability 
and muscle hypertrophy. This last effect is proba- 
bly mediated by a creatine-mediated increase in 
myosin heavy chain isoform mRNA expression. 

3.3 Creatine Supplementation and 
Mid-Term High-Intensity Exercise 

There are few studies evaluating the effects of 
creatine supplementation on maximal single exer- 
cises lasting 30-140 seconds. One study has re- 
ported that creatine supplementation increased an- 
aerobic capacity and maximum accumulated 
oxygen deficit (MAOD). [221] In this double-blind 
study, 14 individuals exercised to exhaustion at 
125% VC>2max after creatine supplementation (20 
g/d, 5 days). MAOD increased after creatine ad- 
ministration from 4.04 ± 0.31 to 4.41 ± 0.34L and 
remained elevated for another 7 days. Time to ex- 
haustion also increased after creatine administra- 
tion from 130 ± 7 to 141 ± 7 seconds and remained 
increased for another 7 days. Accordingly, it has 
been reported that creatine supplementation (20 
g/d, for 5 days) increased, by some 15%, muscle 
work output in three maximal tests of 90, 150, and 
300 seconds, performed by elite kayakists. [222] 
Viru et al. [223] obtained similar results in middle- 
distance runners. Similarly, creatine supplementa- 
tion (20 g/d, for 5 days) increased the performance 
in jumping test (30 seconds) by 7% for the first 15 
seconds, and by 12% for the last 15 seconds. {168] 
The leg time limit to exhaustion at 80, 60, 40 and 
20% of maximal voluntary isometric contraction 
was increased in resistance-trained men after cre- 
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atine supplementation (10 g/d, for 5 days). [177] 
Thus, the ergogenic effect of creatine supple- 
mentation on lactic metabolism seems evident. 
However, more research is needed on this topic to 
confirm this ergogenic effect of creatine on high- 
intensity exercise, since there are few studies re- 
garding this topic. Possible mechanisms underly- 
ing this ergogenic effect may be the increase in 
ATP availability and enhanced muscle hypertro- 
phy after creatine supplementation (see section 
3.2.1 and section 3.2.2). In addition, the decrease 
of ammonia and hypoxanthine in muscle and 
plasma (see section 3.4.2) and pH buffering of cre- 
atine ingestion could play a significant role, since: 
(i) a higher muscle PCr content produces higher 
[ATP] buffering (and consequently activation of 
glycogenolysis is delayed); and (ii) PCr hydrolysis 
contributes to buffering pH (since the reaction uses 
H + ) [figure 3]. These assumptions have recently 
been confirmed by Roussel et al., [224] who found a 
linear relationship (r = 0.61, p = 0.0007) between 
PCr resynthesis, PCr hydrolysis, and pH at the end 
of exercise. 

In summary, although further research is need- 
ed (mainly concerning gender and age), the ergo- 
genic effect of creatine supplementation on high- 
intensity exercise (from 30-140 seconds) appears 
evident, even in well trained individuals. 

3.4 Creatine Supplementation and 
Intermittent High-Intensity Exercise 

Intermittent high-intensity exercise is the usual 
form of exercise present in most sports. Numer- 
ous studies have reported that creatine supple- 
mentation at a rate of 15-25 g/d for 4-8 days 
improved performance in intermittent high- 
intensity exercise even in well-trained individu- 
als [123,168,170,182,225-235] More recent studies confirm 
this assumption n3i,i62,i65,i69,236] Skare et alJ 169 ^ 
reported a slight improvement in the total time of 
six intermittent 60m sprints (45.63 ± 1.1 1 vs 45.12 
±1.1 seconds) in well-trained men after classical 
creatine administration (20 g/d), whereas no 
changes were observed in the placebo group. The 
sprint velocity was significantly increased in five 
out of six intermittent 60m sprints. Preen et al. [162] 
reported that creatine supplementation improved 



performance during 80 minutes of repeated 
sprints, and the total work production increased by 
6%. 

In the study by Romer et al., [165] nine competi- 
tive squash players performed an on-court 'ghost- 
ing' routine that involved 10 sets of 2 repetitions 
of simulated positional play, each set interspersed 
with 30 seconds of passive recovery. Creatine at a 
rate of 0.3 g/kg body mass/d for 5 days was admin- 
istered in a double-blind and crossover fashion. 
Sets 2 to 10 were completed in a significantly 
shorter time following creatine supplementation 
compared with the placebo condition. In another 
recent study, [l31] creatine supplementation (20 g/d, 
for 5 days) significantly increased the average run- 
ning times during the first 5m of repeated 15m 
sprints (3%) in nine trained male handball players. 
Moreover, creatine ingestion improved the num- 
ber of repetitions prior to fatigue, and the total 
average power output values during repetitive 
high-power output exercise bouts in bench press 
and half squat. Rossouw et al. [236J reported an im- 
provement in performance of 3 sets of maximal 
unilateral knee extensions on an isokinetic dyna- 
mometer interspaced with 60-second rest periods 
in eight well-trained power-lifters. In addition, 
these authors also reported improvement in a max- 
imal deadlift strength feat performed in a gymna- 
sium. Cottrell et al. [237] also found an improvement 
in performance on intermittent high-intensity ex- 
ercise (cycling) in adult men after creatine supple- 
mentation (0.3 g/kg body mass/d, for 7 days). One 
study [238] reported that acute loading (25 g/d, for 5 
days) was more effective than chronic loading (5 
g/d, for 60 days) in elite swimmers. These benefits 
are even maintained after exercise-induced pre- 
vious exhaustion. [239,24 ° 3 

Several studies have not reported any ergogenic 
effect of creatine supplementation in performance 
of intermittent high-intensity exercise. [241 ~ 244] Sev- 
eral shortcomings may offset the ergogenic effect 
of creatine supplementation in these studies. In the 
study of Barnett et al., [241J muscle TCr content 
probably did not increase in excess of 20 mmol/kg 
dm, and this increment is probably required to ex- 
ert an enhanced rate of PCr resynthesis during re- 
covery. [84] In the study of McKenna et al., 12443 30g 
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creatine per day for 5 days increased muscle TCr 
by 22.9 ± 4.2 mmol/kg dm (sufficient to improve 
performance in intermittent high-intensity exer- 
cise), but it did not improve performance in five 
10-second maximal cycle ergometer sprints with 
rest intervals of 180, 50, 20 and 20 seconds. In this 
study, performance (both peak power output and 
cumulative work production during maximal inter- 
mittent exercise) improved, but not significantly. 
Inclusion of higher numbers of participants would 
help to clarify this issue. The study by Cooke and 
Barnes [243] also used a small sample (eight partic- 
ipants) in the creatine group. In the study of 
Gilliam et al., [242] the investigators reported that 
creatine administration at a rate of 20 g/d for 5 days 
did not improve performance in 5 sets of 30 maxi- 
mum volitional isokinetic contractions with a 1- 
minute rest period between sets in untrained men. 
This conclusion came after a three-way mixed AN- 
OVA with one between factor (placebo vs cre- 
atine) and two within factors (pre/post supplemen- 
tation and sets 1-5). However, the pre/post and 
set main effects were significant, increasing 
peak torque (approximately 3%) from pre- to post- 
testing. This may indicate a learning effect in both 
groups. However, the possibility that a learning ef- 
fect occurred only for the placebo group cannot be 
excluded, whereas a creatine-induced ergogenic 
effect occurred only for the creatine group. Taken 
together, these findings suggest that creatine ad- 
ministration (15-25 g/d, for 4-8 days) improves 
performance in intermittent high-intensity exer- 
cise even in well-trained individuals. Several 
mechanisms related to higher ATP availability and 
muscle fibre hypertrophy (see section 3.2.1 and 
section 3.2.2) may explain the ergogenic effect of 
creatine supplementation on intermittent high- 
intensity exercise. 

3.4. 7 Enhanced Rephosphorylation Rate ofADP 
into ATP 

During intermittent high-intensity exercise, 
each period of short-term high-intensity exercise is 
followed by a rest period. Because intramuscular 
ATP and PCr are partially depleted during periods 
of high-intensity exercise, rapid restoration of in- 
tramuscular stores of ATP and PCr is needed in 
order to increase performance. In this regard, it is 



well known that after creatine ingestion (20-30g 
creatine per day, for 5-7 days), an increase in mus- 
cle TCr content occurs. Indeed, this increase is 
mainly in the form of free creatine (50% of the 
increase) and secondarily in the form of PCr 
(12.5% of the increase). [162] Both free creatine and 
PCr increases may have beneficial effects on the 
rephosphorylation rate of ADP into ATP. The ex- 
cess of muscle PCr content induced by creatine 
supplementation augments the rephosphorylation 
rate of ADP into ATPj 84 ' 162 ! In addition, part of 
the excess of free creatine stored in muscle after 
creatine supplementation may diffuse to the inter- 
membrane space of mitochondria, where it is phos- 
phorylated to PCr. This PCr may leave the mito- 
chondria and diffuse through the cytosol to the 
sites of ATP consumption. Indeed, a significant re- 
lationship between the percentage increase in TCr 
content after supplementation versus the percent- 
age change in PCr after 2 minutes of recovery has 
been reported. [1%1 The increase in PCr resynthesis 
occurs because of an increase in mitochondrial 
ATP production, which is regulated by the avail- 
ability of mitochondrial ADP (figure 9). It has been 
hypothesised that both mitochondrial ADP forma- 
tion and ATP resynthesis are linked to the phos- 
phorylation of free creatine at the intermembrane 
space of mitochondrial 81 

Since it is likely that the free creatine concen- 
tration is higher in type II muscle fibres after cre- 
atine supplementation (see section 2.3.5), creatine 
supplementation may improve intermittent high- 
intensity exercise by increasing mitochondrial 
ATP and PCr production in these fibres. Conse- 
quently, PCr resynthesis is augmented after cre- 
atine supplementation, but an enhanced rate of PCr 
resynthesis during recovery may only occur in in- 
dividuals who display a marked increase in TCr (in 
excess of 20 mmol/kg dm) after creatine supple- 
mentation. [84 ' 196] In fact, it has been reported that 
creatine supplementation (21 g/d, for 14 days) in- 
creased muscle PCr reposition by 15 and 10% after 
50 ankle flexo-extensions at 40 and 70% of maxi- 
mal voluntary contractions, respectively. [245] 
Greenhaff et al. [84] reported that creatine supple- 
mentation (20 g/d, for 5 days) increased muscle 
PCr reposition by 20% after 2 minutes of recovery 
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from isometric high-intensity exercise. The opti- 
mal reposition time of muscle PCr is longer than 
20 seconds. [246] Rest periods less than 20 seconds 
are insufficient to restore muscle PCr and ATP 
stores even after creatine supplementation. The 
higher PCr and ATP restoration in intermittent 
high-intensity exercise allows a higher muscle 
power output during short-term periods of high-in- 
tensity exercise and a higher muscle ATP and PCr 
restoration during rest intervals. Therefore, 
through enhanced rephosphorylation rate of ADP 
into ATP, creatine supplementation may contrib- 
ute to improve performance in intermittent high- 
intensity exercise. Nevertheless, further research 
will clarify mechanisms underlying such an im- 
provement. 

3.4.2 Reduction in Ammonia and Hypoxanthines 
in Muscle 

During short-term periods of high-intensity ex- 
ercise, the first buffer of muscle ATP content is 
PCr hydrolysis. The subsequent decrease in ATP 
provision may lead to a transient increase in mus- 
cle ADP content, which stimulates the adenylate 
kinase reaction: 

2 ADP <->ATP + AMP 

This reaction results in the formation of AMP, 
which is rapidly deaminated to inosine monophos- 
phate (IMP) and ammonia via the activity of AMP 
deaminase, [247] and IMP is transformed to hypo- 
xanthine (figure 17). Thus, it is well known that 
periods of high-intensity exercise result in a reduc- 
tion in the muscle total adenine nucleotide pool 
([ATP] + [ADP] + [AMP]) and an increase in 
IMP, ammonia, and hypoxanthine concentrati- 
ons [248-250] j n f act> ammonia and hypoxanthine 
plasma levels are considered markers of adenine 
nucleotide loss in high-intensity exercise. t251] Such 
a reduction in the muscle total adenine nucleotide 
pool and the increase in IMP, ammonia, and hypo- 
xanthine lead to an impairment of intermittent 
high-intensity exercise performance. Creatine sup- 
plementation may offset this impairment. Green- 
haff et al. [138] reported that an increase in muscle 
PCr (after creatine supplementation) buffered 
muscle ATP levels, and consequently the accumu- 
lation of ammonia and hypoxanthines in plasma 
was reduced and the muscle power output increa- 
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Fig. 17. Muscle total adenine nucleotide metabolism during 
short-term high-intensity exercise. During short-term high- 
intensity exercise as a 6-second sprint, phosphocreatine (PCr) 
hydrolysis and glycolysis each contribute -50% of the total ATP 
requirement. This exercise results in a reduction in the muscle 
total adenine nucleotide pool ([ATP] + [ADP] + [AMP], where 
brackets denote concentration) and an increase in inosine 
monophosphate (IMP), ammonia and hypoxanthine concentra- 
tions. After creatine supplementation, muscle PCr is higher and 
ATP produced by PCr hydrolysis is available for a longer time. 
This higher ATP availability results in a smaller increase in IMP, 
hypoxanthine and ammonia concentrations. Nevertheless, the 
increase in ATP availability by PCr hydrolysis may be offset by 
creatine supplementation-induced inhibition of glycolysis. Fur- 
ther research is therefore needed to clarify the optimal creatine 
administration and muscle total creatine increase to obtain a 
smaller increase in IMP, hypoxanthine and ammonia. AK = 
adenylate kinase; CK - creatine kinase; NAD + = oxidised nicotin- 
amide-adenine dinucleotide; NADH = reduced nicotinamide- 
adenine di nucleotide; Pi = inorganic phosphate. 

sed. Several other studies confirm this hypothe- 
s j s [191,248,249] j t h as even b een sn own that creatine 

supplementation (20 g/d, for 5 days) significantly 
reduced blood ammonia concentration in six male 
football players during thirty 5-second maximal ri- 
ding sessions (load: 7.5% bodyweight kiloponds) 
on a cycle ergometer interspersed with 90- second 
no-load exercise (80 rpm). t252] Additionally, mean 
power output significantly increased after creatine 
supplementation. 

However, Snow et al. [196] reported that creatine 
supplementation increased muscle total TCr con- 
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tent by -9.5%, but did not affect ammonia or hy- 
poxanthine levels in plasma after high-intensity 
exercise. In this study, performance was unaf- 
fected after creatine supplementation. Therefore, 
for reducing ammonia and hypoxanthines in 
plasma after high-intensity exercise, muscle TCr 
content should probably be augmented above 
-10%. Taken together, these findings suggest that 
creatine supplementation may induce a drop in am- 
monia and hypoxanthine in muscle. This may en- 
hance performance in intermittent high-intensity 
exercise, although further research is required to 
clarify this issue and the necessary increase in mus- 
cle TCr to obtain such an improvement. 

3.4.3 Reduction in Lactate and H* Accumulation 

During short periods of high-intensity exercise, 
lactate and H + cations may be accumulated in mus- 
cle, originating fatigue. After creatine supplemen- 
tation, muscle TCr is augmented and this excess of 
TCr may offset ATP and PCr depletion during 
high-intensity exercise, and therefore, offset lac- 
tate and H + accumulation in muscle. This would 
contribute to a delay in fatigue. Indeed, several 
studies have reported that high-intensity exercise- 
mediated lactate accumulation was lower after cre- 
atine supplementation^ 78 ' 123 ' 136 ' 226 ' 2353 Similarly, 
in these conditions, lactate production is not in- 
creased in spite of a higher work production. [227] 
By contrast, several studies have failed to show a 
lactate decrease after creatine supplementa- 
tion^ 131 ' 253 ' 2541 Therefore, additional studies are 
needed to clarify whether creatine supplementa- 
tion may reduce lactate accumulation in muscle 
during high-intensity exercise. Because PCr resyn- 
thesis is dependent on adequate blood flow and 
oxygen delivery to remove metabolites such as lac- 
tate and H + , [96] creatine supplementation would be 
expected to enhance PCr resynthesis during inter- 
mittent exercise above -70% of maximal voluntary 
contraction, because of the appearance of local 
ischaemia. For adequate ATP and PCr restoration, 
recovery would have to be initiated by a sudden 
return of blood flow to muscle. Several studies 
have suggested an improvement in ATP and PCr 
recovery after occluded exercising muscle, [63 ' 95] so 
it is possible that creatine supplementation is able 
to improve ATP and PCr recovery during intervals 



of isometric exercise much more than during dy- 
namic exercise. This hypothesis remains to be elu- 
cidated. 

In summary, it seems probable that creatine sup- 
plementation may improve performance in inter- 
mittent high-intensity exercise by both enhance- 
ment of rephosphorylation rate of ADP into ATP 
and a reduction in ammonia and hypoxanthine lev- 
els in muscle during physical exertion. 

3.5 Creatine Administration and Aerobic 
Metabolism in Muscle 

It has been reported that creatine supplementa- 
tion did not improve aerobic performance in either 
trained or untrained individuals, 1131 ' 255 " 2581 partly 
because of creatine-induced increases in body 
mass, which consequently cause higher absolute 
rates of VO2. In contrast, it has been previously 
discussed that the extent of the increment of TCr 
appears to influence PCr levels after 2 minutes of 
recovery. These results indicate an improvement 
of oxidative phosphorylation after creatine supple- 
mentation because the resynthesis of PCr in hu- 
mans occurs solely in the presence of oxygen. [8] 
Accordingly, several recent studies have shown 
that creatine supplementation may improve aero- 
bic muscle metabolism. Rico-Sanz and Marco [259] 
have reported that creatine supplementation (20 
g/d, for 5 days) increased the time to exhaustion 
from 30 ± 4 to 36.5 ± 6 minutes after bicycle sub- 
maximal exercise. Nelson et al. f260] found that cre- 
atine supplementation (20 g/d, for 7 days) im- 
proved the time to exhaustion in a graded cycle 
exercise test from 1217 + 240 to 1289 ± 215 sec- 
onds. There are previous studies that confirm this 
assumption. Harris et al. [59] reported a reduction of 
2.1 ± 0.6 seconds on four times 1000m running 
after creatine loading (30 g/d, for 6 days). Rossiter 
et al. [2611 showed a decrease of 2.3 seconds on 
1000m rowing in elite rowers after creatine inges- 
tion (0.25 g/kg body mass/d, for 5 days). Smith et 
al. [262] found that creatine supplementation (20 g/d, 
for 5 days) increased the time to exhaustion (from 
236 to 253 seconds) at 3.7 W/kg body mass on a 
cycloergometer. Furthermore, creatine ingestion 
(20 g/d, for 7 days) reduced plasma ammonia and 
hypoxanthine levels after endurance exercise. [263] 
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For obtaining these benefits, creatine supplemen- 
tation must be above 2 g/d. [264] Because creatine 
supplementation is accompanied by an increment 
in body mass, higher improvements in endurance 
exercise are obtained in nonweightbearing endur- 
ance events. Several mechanisms may explain the 
improvement of creatine supplementation on aer- 
obic performance: 

3.5. 1 Creatine Supplementation Buffers pH Drop 

It has been reported that creatine supplementa- 
tion (5 g/d, for 1 1 days) produced less utilisation 
of PCr and higher pH after repeated plantar flexion 
isometric exercise at 32% of maximal voluntary 
contraction^ 265 ^ In this study, H + accumulation 
was lower, suggesting that the rate of net H + pro- 
duction was also lower. Therefore, creatine sup- 
plementation may increase the anaerobic thresh- 
old. In fact, creatine loading (20 g/d, for 7 days) 
increased the anaerobic threshold from 2.2 to 2.5 
L/min. [2663 In addition, another study [2673 showed 
a reduction in lactate response after 6 minutes of a 
cycloergometer task at an intensity above ventila- 
tory threshold after creatine supplementation (20 
g/d for 5 days, and 5 g/d thereafter). 

3.5.2 Optimisation of Oxidative Phosphorylation 

The enhancement of oxidative phosphorylation 
by creatine occurs via Mi-CK in the mitochondrial 
intermembrane space and via the creatine/PCr 
shuttle, which carries creatine to mitochondria and 
provides PCr to the myofibrils, sarcolemma and 
sarcoplasmic reticulum (figure 9). The Mi-CK sys- 
tem seems to be an essential constituent of energy 
metabolism, [268] since the ADP generated by Mi- 
CK is an important regulator of oxidative phos- 
phorylation in skeletal muscle. [269] The Mi-CK 
proportion may be augmented by endurance train- 
ing[270] or by chronic low-frequency electric stim- 
ulation. [271] In cardiomyocytes, the higher respira- 
tion rate and higher rate of PCr production 
observed after creatine addition were suggested to 
be caused by an amplification of the sensitivity of 
respiration to ADP, [272] because of the coupling of 
Mi-CK, adenine nucleotide translocase, and oxida- 
tive phosphorylation^ 1121 



3.5.3 Creatine-lnduced 
Glycogen Supercompensation 

High concentrations of muscle glycogen are 
necessary for performing in long-distance run- 
ning.^] j t has been shown that glycogen super- 
compensation tends to be greater if creatine and 
glycogen are loaded simultaneously because cre- 
atine loading increases cell volumes and, there- 
fore, enhances glycogen supercompensation. [155] 
Accordingly, it has been suggested that the muscle 
glycogen loading capacity is influenced by the ini- 
tial creatine levels and the accompanying alter- 
ations in cell volume. [274] In this study, total gly- 
cogen content after creatine load (20 g/d, for 5 
days) was significantly greater than before (694 ± 
156 vs 597 ± 142 mmol/kg dm). This higher than 
average glycogen level after creatine supplemen- 
tation is established above 650 mmol/kg dm. [275] 
The greater glucose availability after creatine sup- 
plementation may be explained by the increase in 
GLUT-4. 1276 ' 2771 It has been suggested that this in- 
crease in GLUT-4 after creatine administration is 
mediated by the increase in AMP-activated protein 
kinase (AMPK) activity that occurs as a conse- 
quence of decreasing the PCr/creatine ratio. [276] 
Nevertheless, no direct evidence has been obtained 
and the mechanisms underlying the increase in 
GLUT-4 content after creatine supplementation 
remain to be elucidated. 

Low et al. [278] have provided evidence that os- 
motic swelling of muscle cells is a potent stimulus 
to muscle glycogen synthesis. In a recent study 
performed in experimental animals, [279] short-term 
high-dose creatine feeding enhanced creatine dis- 
posal and glycogen storage in skeletal muscle. 
This occurred irrespective of muscle type and 
without significant modification of glucose trans- 
port rate, muscle GLUT-4 content, circulating in- 
sulin levels, glycogen synthase activity, and gly- 
cogen synthesis rate. These results support the 
osmotic swelling theory. An increase in muscle 
TCr of 30 mmol/kg dm is probably sufficient to 
induce a degree of cell swelling able to enhance 
glycogen synthesis. [278 ' 280] 
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3.5.4 Creatine-lnduced Improvement in 
Muscle Efficiency 

Muscle efficiency is the relationship between 
muscle output and the energy cost for it. In aerobic 
metabolism, energy cost is measured as V0 2 , 
whereas muscle output is either speed in running 
or watts in cycling. Only a limited number of stud- 
ies have measured V0 2 during exercise with and 
without creatine i 0 ading. [235 ' 255 ' 256 ' 259 ' 2671 Balsom 
et al. [235 l reported a reduction in VO2 following the 
seventh bout of repeated supramaximal cycling ex- 
ercise using Douglas bag collections of expired air. 
Stroud et al. [255] found no difference in VO2 during 
submaximal incremental treadmill exercise, and 
Balsom et al. [2563 reported no change in V0 2 during 
continuous running at ~ 120% VC>2max following 
creatine loading. In both studies, V0 2 was not an- 
alysed breath-by-breath but was averaged over 30- 
second periods and the exercise bouts were only 
performed once. Rico-Sanz and Marco [259] re- 
ported that the total volume of oxygen consumed 
by trained cyclists during 3-minute periods of cy- 
cling at 90% of the power output at V0 2m ax was 
greater following creatine loading. By contrast, 
Jones et al. [267] reported an improvement in muscle 
efficiency after creatine loading (20 g/d for 5 days, 
and 5 g/d thereafter), since less V0 2 was required 
in nine healthy but untrained participants to per- 
form heavy (above the ventilatory threshold) sub- 
maximal cycle exercise (6 minutes). In addition, 
the authors found that the magnitude of the reduc- 
tion in submaximal V0 2 with creatine loading was 
significantly correlated with the percentage of type 
II fibres in the vastus lateralis muscle (r = 0.87; 
p < 0.01). 

Individuals in the study by Rico-Sanz and 
Marco [259] were highly trained long-distance cy- 
clists (V0 2max ~64 ml/kg/min) whereas partici- 
pants in the study by Jones et al. [267] were recrea- 
tionally active in a number of sports but not well 
trained (V0 2max ~46 ml/kg/min). It is quite possi- 
ble, therefore, that there were differences in the 
proportion of type I fibres in the active muscles 
between the study participant groups. The addition 
of creatine to cultures of type II muscle fibres has 
not been shown to cause an increased respiratory 
rate. [281] On the other hand, a positive correlation 



has been reported between the proportion of type I 
fibres and the increase in the rate of aerobic respi- 
ration when creatine was added to a culture of hu- 
man skeletal muscle fibres. [282] This explains the 
higher V0 2 rate at the same muscle output after 
creatine supplementation in the study by Rico- 
Sanz and Marco. [259] Therefore, creatine supple- 
mentation seems to be able to improve muscle ef- 
ficiency only when a greater percentage of type II 
fibres is required (e.g. heavy aerobic exercise 
above the ventilatory threshold, or when the indi- 
viduals have a greater percentage of type II fibres). 
Two mechanisms may explain this: 

Excess of H + in the Intermembrane Space 
of Mitochondria 

It is well established that after creatine supple- 
mentation, an excess of TCr is stored in muscle. 
This is mainly in the form of creatine (50% of the 
increase). A plausible hypothesis is that ATP syn- 
thesised within the mitochondrial matrix is used by 
Mi-CK to phosphorylate creatine in the inter- 
membrane mitochondrial space, yielding PCr, 
ADP and H + . The ADP liberated by this reaction 
may be transported back to the matrix where it is 
rephosphorylated to ATP. Indeed, the liberated H + 
may yield ATP by Fl-ATPase (figure 9). Thus, 
with the same energy cost (the same V0 2 ), more 
ATP may be produced, and, therefore, more mus- 
cle output. However, this hypothesis remains to be 
fully proven. 

Shortening of Muscle Relaxation Time 
Compared with sustained muscle contractions, 
the excess energy expenditure during no-sustained 
muscle contractions (e.g. running, cycling) is, at 
least, partly accounted for by the energy cost of 
muscle relaxation. [283] Thus, during high-intensity 
cyclic joint movements, facilitation of muscle re- 
laxation may contribute to reduce total energy ex- 
penditure, both by diminishing the energy cost of 
relaxations and by reducing co-contraction activ- 
j tv [284] Wakatsuki et al. 12853 found that creatine 
feeding in rats raised muscle PCr and shortened 
muscle relaxation time. Accordingly, PCr deple- 
tion induced by p-guanidinopropionic acid feeding 
increased muscle relaxation time. Van Leemputte 
et al. [284] found that, in humans, creatine supple- 
mentation (20g/d, for 5 days) reduced, consistently 
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by -20%, the muscle relaxation time from the first 
to the last of 12 maximal isometric elbow flexions 
interspersed, without affecting torque production 
or electromyogram activity. Individuals with low 
initial muscle creatine levels exhibited a greater 
increment of muscle creatine store on creatine in- 
take which, in turn, may result in more pronounced 
shortening of muscle relaxation time; this also oc- 
curs in individuals with slow initial muscle relax- 
ation rates. [284] 

The major determinants of human skeletal mus- 
cle relaxation time are the rate of cross-bridge de- 
tachment and the decay of cytoplasmic Ca 2+ by 
sarcoplasmic Ca 2+ -ATPase activity^ 286 ' 2871 After 
creatine loading, muscle PCr increases and CK 
serves to optimise free energy of ATP hydrolysis 
by maintaining a low concentration of free ADP, 
which is very critical to Ca 2+ -ATPase pump effi- 
cacy . [23] Therefore, the rise in local PCr concentra- 
tion may allow sarcoplasmic Ca 2+ -ATPase to op- 
erate at a higher thermodynamic efficiency and 
thereby facilitate muscle relaxation.* 284 288] Be- 
cause sarcoplasmic Ca 2+ -ATPase is much more 
sensitive than myosin ATPase to a decrease in the 
free energy of ATP hydrolysis, [289] creatine load- 
ing may facilitate muscle relaxation without simul- 
taneously affecting force production during con- 
traction. [284] Further research is necessary to 
clarify this topic. 

In summary, a creatine-induced improvement 
in aerobic performance mainly in individuals with 
high type II fibre content seems probable. There- 
fore, creatine may have more benefit than simply 
enhancing high-intensity exercise performance. 
Moreover, most endurance athletes perform inter- 
mittent high-intensity exercise and/or incorporate 
intermittent sprinting training (e.g. runners, cy- 
clists), so they may improve quality of training 
with creatine supplementation. In running, it is 
possible that any advantage from the creatine load- 
ing might be negated by the concurrent increase in 
body mass which would tend to increase the en- 
ergy cost of exercise. In cycling, where body mass 
is less important to performance at least on the flat, 
it is feasible that creatine loading could enhance 
endurance-exercise performance. Additional stud- 
ies are needed to clarify the mechanism by which 



VO2 during heavy exercise is reduced following 
creatine loading, mainly in individuals with high 
rates of type II muscle fibres and in non- 
weightbearing endurance activities. 

3.6 Weight Loss and Strength Improvement 

In weight-class sport events, weight loss before 
weight-in and its immediate regain thereafter may 
be important (Gutierrez A et al., unpublished ob- 
servations). [290] In this way, anaerobic perfor- 
mance may decrease with energy restriction prac- 
tised for intentionally rapid weight loss. Rockwell 
et al. [291] have reported that creatine supplementa- 
tion (20 g/d, for 4 days) during energy restriction 
(18 kcal/kg/d, for 4 days) reduced body weight by 
2.2 ± 0.4kg (2.7%) compared with the reduction 
observed in the placebo group (2.8 + 0.2kg 
[3.6%]). In addition, the reduction in fat free mass 
was higher in the placebo (2.4 ± 0.3%) than in the 
creatine group (1.4 ± 0.4%). In this group, muscle 
creatine and PCr content increased by 15-16%, so 
total performed work during the sprints, expressed 
per bodyweight, tended to be 3.8% higher in the 
creatine group and 0.5% less in the placebo group. 
In another study, [292] creatine supplementation 
during energy restriction to induce weight loss, 
maintained peak torque and work at peak torque, 
whereas weight loss without creatine supplements 
resulted in decrements in peak torque during max- 
imal knee-extensor exercise. These results suggest 
that anaerobic performance may be enhanced dur- 
ing short-term energy restriction in athletes who 
supplement with creatine. 

4. Safety and Adverse Effects 

This section provides an update regarding the 
adverse effects of creatine supplementation as an 
ergogenic aid based on results reported in the lit- 
erature. 

4.1 Body Mass Increase 

It has often been reported that short-term cre- 
atine ingestion is accompanied by a 1-2% increase 
in body mass.* 9 ' 131 ' 137 ' 293 296 ! In this regard, short- 
term supplementation (20g creatine per day, for 10 
days) is as effective as longer periods (>10 
days). [297] Such body mass increments are caused 
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by an increase in fat-free mass. Indeed, several 
studies indicated that creatine loading increases 
fat-free ma ss. [125 ' 180 ' 298 ~ 3001 The body mass incre- 
ment after creatine supplementation is lower in 
women than in men. [300 ' 301] In elderly people 
(range 60-80 years of age) the body mass either 
did not increase significantly, or was less than 1kg, 
after creatine supplementation^ 185 ' 186 ' 302-3051 This 
increase in bodyweight in the elderly was also 
mainly accounted for by an increase in fat-free 
mass. [303] 

In summary, creatine supplementation during 
the short- or medium-term, increases body mass 
mainly by an increase in the fat-free mass. 

4.2 Water Retention 

The previous studies demonstrated gains of 1kg 
or greater after creatine loading, and researchers 
arbitrarily suggested water retention as a possible 
causative factor, yet few researchers have ad- 
dressed this issue directly. Hultman et al. [122] sug- 
gested that this increase in bodyweight during 
short-term creatine supplementation is likely to 
be attributable to body water retention, since they 
observed a 0.6L decline in urinary volume after 
creatine ingestion (20 g/d, for 6 days). In this way, 
the increase in body mass could be partially 
(55%) attributed to an increase in the body water 
content, particularly in the intracellular compart- 
ment. [215 ' 306 " 308] The recent work of Ziegenfuss et 
a j [306] indicated that both a body mass gain and an 
expansion of total body water occurred with 3 days 
of creatine supplementation. Using multifrequ- 
ency bioimpedance analysis, the investigators 
noted that the increase in body water was specific 
for the intracellular volume of the muscle. The au- 
thors suggested that water retention was related to 
the osmotic load triggered by the enhanced cellular 
uptake of creatine. Kern et al., [308] using bioelec- 
trical impedance, found greater gains in total body 
water and bodyweight in the creatine group com- 
pared with the placebo. One recent study 13091 
showed increases in fat-free mass with no effect on 
total body water. Additional studies will clarify 
whether creatine loading may increase total body 
water. 



4.3 Muscle Cramps 

There have been a number of reports of muscle 
cramps in athletes receiving creatine (for review 
see references^ 310,3111 ). In the reviews of Juhn and 
Tarnopolsky, [310] and Schnirring, [3111 the authors 
reported unsubstantiated anecdotal reports of 
cramping. It has been reported that creatine supple- 
mentation (0.3 g/kg body mass/d for 6 days, fol- 
lowed 0.03 g/kg body mass/d for 28 days) in- 
creased anterior compartment pressure in the lower 
leg at rest and following 20 minutes of running at 
80% of maximal aerobic powerJ 3121 Moreover, an- 
ecdotal reports from athletes have claimed that cre- 
atine supplementation may induce muscle cramps, 
but there is no evidence that these cramps are di- 
rectly related to the creatine ingestion. In fact, 
these cramps might be caused by the intensity of 
exercise or the imbalance in muscle electrolytes, 
rather than to creatine ingestion. Consequently, 
athletes should consume adequate water and elec- 
trolytes, as these are likely to be the most common 
cause of muscle cramps. 

Based on the possibility that creatine supple- 
mentation may result in an increase in fluid reten- 
tion and total body water (see section 4.2), creatine 
may provide thermal regulatory benefits during ex- 
ercise in the heat. In this regard, augmented re- 
peated sprint cycle performance has been reported 
in the heat without alterations in the thermoregula- 
tory response after creatine supplementation^ 3131 
Additionally, Kern et al. [308] reported that the rise 
in core temperature during the cycle ride was at- 
tenuated by creatine supplementation in compari- 
son to placebo consumption. Gains in total body 
water were related to the attenuation of tempera- 
ture rise during the ride following supplementation 
(n = 19, r = 0.569, p = 0.01 1). Indeed, during post- 
supplementation testing, the temperature rise of 
the creatine group averaged 0.37°C lower than 
pre-supplementation over 60 minutes of exercise 
at 37°C. Further, amid anecdotal reports that cre- 
atine causes dehydration, muscle cramping and 
heat exhaustion, the participants in this study re- 
ported no overt adverse effects of creatine supple- 
mentation. In fact heart rate, hematocrit, body wa- 
ter loss and temperature rise were clearly not 
adversely affected by creatine supplementation as 
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would be expected if these testimonial reports 
were true. On the other hand, there is no evidence 
from any study indicating that creatine loading 
increases the incidence of dehydration/thermal 
stress^ 08 ' 313 " 316 } cramping 1309 ' 313 ' 317 " 32 ^ a nd electro- 
lyte statusJ 13a215 ' 306 ' 309 ' 313 ' 326] In addition, there are 
numerous studies that did not report any kind of 
trauma/injury or muscle impairment after creatine 
supplementation.^ 124 ' 301 ' 313 ' 317 - 320 ' 322 ' 323 ' 325 ' 327 ' 3283 
In summary, there is no direct evidence that oral 
creatine supplementation is responsible for dehy- 
dration/thermal stress or muscle impairment. Fur- 
ther research will clarify whether creatine loading 
may be beneficial with regard to performing exer- 
cise in the heat. 

4.4 Gastrointestinal Complaints 

When creatine is ingested, some discomfort can 
occur if creatine is incompletely dissolved before 
ingestion. [297] Additionally, a survey by Juhn et 
a l [329] re ported that when creatine is ingested in 
large doses (40 g/d) or during long-term periods 
(3-5 months), nausea, vomiting or diarrhoea can be 
produced after creatine ingestion. Since the Juhn 
et al. [329] survey had no control group, it is unclear 
whether the adverse effects reported had any rela- 
tionship to creatine or were influenced by 'anecdo- 
tal side effects* reported in the media. In fact, re- 
cent well-controlled studies reported no effect of 
creatine supplementation on gastrointestinal dis- 
turbance [130,131,137,234,301,317-320322,323,325,327,328] an( j 

several of these papers reported a lower incidence 
when compared with those taking placebos. It is 
also possible that some gastrointestinal complaints 
can be caused by co-ingestion of other substances 
or a deficient quality of creatine supplement. In 
these cases, gastrointestinal transit and absorptive 
capacity of the gut can be altered. One anecdotal 
report t330] suggested that creatine consumed dur- 
ing or immediately before physical exercise may 
be problematic, but further research is needed to 
clarify this. 

4.5 Renal Function 

There is little scientific evidence suggesting 
that creatine causes impairment of renal function. 
Indeed, there are only four case reports [331_334] re- 



lating renal problems to creatine supplementation. 
Kuehl et al. [331] reported renal insufficiency in- 
duced by creatine supplementation (10 g/d, for 3 
months) in a 19-year-old Division I football 
player. Pritchard and Kalra [3321 reported negative 
effects after long-term creatine ingestion (15 g/d 
for 7 days, followed by 2 g/d for 49 days) in an 
individual with pre-existing renal disease, but re- 
nal function was re-established after stopping cre- 
atine ingestion. Koshy et al. [333] found one case of 
interstitial nephritis in a patient who had taken 20g 
of creatine daily for 4 weeks. After stopping the 
creatine supplements, his renal function became 
normal. Loud et al. [3343 found an impairment in re- 
nal function after creatine loading. In this study, 
the study participant ingested liquid creatine (with 
only 25mg of creatine per serving). In these case 
reports, elevations in serum Crn (e.g. 1.5-1.7 
mg/dl) were initially used to diagnose renal stress. 
In addition, no controls were provided for compar- 
ison. Therefore, these case reports of renal prob- 
lems may be misleading. Others studies [297 ' 335 ' 336] 
have criticised the conclusions drawn from these 
case studies. Studies that have evaluated renal 
function in response to creatine supplementation 
using urinary Crn clearance [314 ' 337_341] and/or using 
clearance of a nonradioactive iodinated contrast 
technique (to assess glomerular filtration) [1291 re- 
ported no renal problems in individuals receiving 
creatine for up to 5 years (retrospective analysis) 
or 21 months (monitored supplementation). 

In summary, there is no scientific evidence that 
creatine supplementation at the usual dosages is 
able to induce any impairment in renal function. In 
any case, renal function must be adequately mon- 
itored in individuals taking large amounts of cre- 
atine and, in general, the creatine supplement must 
be used with precaution in individuals at risk of 
presenting with renal dysfunction. 

4.6 Liver Function 

Earnest et al. [342] did not show any significant 
increase in serum urea and bilirubin throughout the 
duration of a creatine supplementation (20 g/d for 
5 days, followed 10 g/d for 51 days) programme. 
The same group [343] investigated the levels of se- 
rum liver enzymes and did not observe significant 
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changes during the 8 weeks of creatine supplemen- 
tation. Robinson et al. [124] did not report adverse 
effects on hepatic function after short-term (20 g/d, 
for 5 days) or long-term (3 g/d, for 63 days) cre- 
atine supplementation. These findings were con- 
firmed by additional references showing no impact 
on muscle and liver enzymes following creatine 
supplementation, even after long-term administra- 
tion. [341 ' 344 " 346] In contrast, other investigators re- 
ported significant increases in aspartate amino- 
transferase and alanine aminotransferase plasma 
levels after creatine supplementation (15.75 g/d, 
for 28 days), [130 ^ but the elevated activities of the 
marker enzymes were most likely caused by 
exercise-induced muscle response. 

In summary, in healthy individuals, oral cre- 
atine supplementation at the correct dose does not 
induce significant changes in liver function tests. 
Nevertheless, it seems reasonable to monitor liver 
function in individuals receiving creatine supple- 
mentation. 

4.7 Creatine as a Precursor of Mutagens 
and Carcinogens of the 
Amino-lmidazo-Azaarene (AIA) Class 

Recent opinion statements have suggested that 
creatine may add to human carcinogenesis by 
forming either amino-imidazo-azaarene (AIA) 
mutagens or formaldehyde that covalently modify 
guanine bases and thereby result in DNA muta- 
tions. This section analyses these assumptions. 

4.7. 1 Creatine-lnduced Formaldehyde Formation 

It has been suggested [347] that chronic adminis- 
tration of large quantities of creatine may be meta- 
bolised to methylamine. Methylamine may be 
transformed to formaldehyde and hydrogen perox- 
ide by semicarbazide- sensitive amine oxidase 
(SSAO)t 348 ^ (figure 18). Formaldehyde has the po- 
tential to cross-link proteins and DNA, leading to 
cytotoxicity^ 349 ' 3501 and carcinogenic effects in 
gastrointestinal tract mucosa cells. [35l] This mech- 
anism has also been related to vascular injuries, 
diabetes mellitus and renal failure. t348] These find- 
ings concerning the carcinogenic role of formalde- 
hyde have prompted statements [347 ' 348] assuming a 
putative carcinogenic role of creatine supplemen- 
tation. Nevertheless, there is little, if any, evidence 




Fig. 18. Theoretical formation of formaldehyde. Methylamine is 
transformed to formaldehyde and hydrogen peroxide (H2O2) by 
semicarbazide-sensitive amine oxidase (SSAO). Indeed, there 
is no evidence that creatine increases methylamine or formal- 
dehyde. Pj = inorganic phosphate. 

that creatine increases methylamine or formalde- 
hyde. In addition, there are no studies even sug- 
gesting an increased risk of cancer with creatine. 
In contrast, there are several studies [18jl9 ' 352 " 356] 
showing an anticarcinogenic effect of creatine and 
its analogues. Therefore, there is no evidence at 
present that creatine increases carcinogenesis. 

4.7.2 Creatine-lnduced AIA Mutagens 

The discovery in 1977 that cooked fish and beef 
showed highly mutagenic activity [357 ' 358] began an 
intensive search for the mutagens present in these 
foods. A number of studies showed that these mu- 
tagens were formed during the pyrolysis of amino 
acids and proteins, and during the cooking of a 
variety of muscle meats. t357_361] The novel muta- 
gens were identified as heterocyclic amines. The 
major subclass of heterocyclic amines found in 
cooked meats was identified as the AIAs. Sources 
of AIA mutagens were broiled or fried fish, cooked 
chicken, beef and pork meat, fried eggs, as well as 
fumes from cooking meat. [8] A large body of evi- 
dence indicates that creatine and/or Crn are impor- 
tant precursors of AIA mutagens: 
• In different fried bovine tissues as well as in 
meat extracts, beef-flavour bouillons, and gra- 
vies, mutagenicity correlated with the creatine 
and/or Crn content of the sampled 362,3633 
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• Addition of creatine or PCr to meat samples or 
to beef extracts before the cooking process in- 
creased mutagenicity up to 40-fold and AIA 
contents up to 9-fold. [362 3641 Conversely, treat- 
ment of beef meat with creatinase before frying 
reduced the creatine content and the mutagenic- 
ity by 65 and 73%, respectively. [365] 

• Artificial model systems have widely been used 
to study both the probable precursors and the 
reaction pathways leading to the formation of 
AIA mutagens. In these models, creatine or Crn 
was mixed with a variety of substances and in- 
cubated for different periods of time at temper- 
atures of 100-250°C. Omission of creatine or 
Crn from these model systems greatly reduced 
mutagenicity. 13661 

Taken together, these findings suggest a muta- 
genic effect of creatine only when this is cooked at 
high temperatures. Since the formation of AIA mu- 
tagens depends largely on cooking temperature 
and duration, [360 ' 367 ' 368] it is improbable that AIA 
mutagens may originate following creatine supple- 
mentation. In fact, there is no scientific evidence 
of AIA formation after creatine loading. 

In summary, there is no scientific evidence that 
creatine supplementation may add to human carci- 
nogenesis by forming either AIA mutagens or 
formaldehyde. In the numerous short- and long- 
term studies^ 124 ' 128 ' 164 ' 186 ' 202 ' 297 ' 346 ' 369 - 3711 report- 
ing general markers of clinical health/safety, none 
has shown any adverse effect when quality cre- 
atine supplements are used. It is also interesting to 
note that recent studies in infants between the ages 
of 2-4 years with a genetic disturbance in creatine 
synthesis have shown remarkable clinical, bio- 
chemical and functional improvements following 
creatine supplementation, in doses ranging from 
350-500 mg/kg body weight (136.4-227.3 mg/lb 
bodyweight) that were maintained for over 25 
months. 1372 " 3773 This dose is up to 1.67 times the 
recommended loading dosage. No adverse effects 
were reported, including no aggravation of sei- 
zures in one infant who presented with intractable 
seizures (including rare grand mal seizures) before 
being treated with creatine. [377] 



4.8 Impurity of Creatine Supplements 

Data on the impurity of commercially available 
creatine supplements are frightening. Creatine is 
obtained from natural sources (sarcosine) present 
in animal muscles. During the industrial produc- 
tion of creatine monohydrate, sarcosine and cyan- 
amide are used. Consequently, variable amounts of 
contaminants (dicyandiamide, dihydrotriazines, 
Crn, ions) are generated and, thus, their tolerable 
concentrations must be defined and made available 
to the consumer. This impurity of creatine supple- 
ments may be the origin of some of the anecdotal 
adverse effects following creatine supplementa- 
tion. 

5. Conclusion 

Creatine is a legal substance consumed by am- 
ateur and professional athletes as an ergogenic aid, 
being the most widespread, effective and safe 
ergogenic aid in the world. Its use is extended to 
trained and untrained individuals, men and 
women, adolescent and elderly individuals. Cre- 
atine supplementation has been advocated to im- 
prove high-intensity exercise, intermittent high-in- 
tensity exercise, and even endurance exercise 
(mainly in non-weight-bearing endurance activi- 
ties). There is no scientific evidence of any adverse 
effect following creatine supplementation in 
healthy individuals, even during long-term admin- 
istration. Nevertheless, renal and liver monitoring 
must be performed in individuals with previous pa- 
thology in these organs. In this paper, the ergoge- 
nic use (including adverse effects) of creatine has 
been reviewed. Additional studies should be per- 
formed to clarify this usage (including metabo- 
lism, pharmacokinetics and adverse effects). 
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ABSTRACT 



The discovery of the nitric oxide (NO) pathway in the 1980s represented a critical advance in understand- 
ing cardiovascular disease, and today a number of human diseases are characterized by NO insufficiency. 
In the interim, recent biomedical research has demonstrated that NO can be modulated by the diet inde- 
pendent of its enzymatic synthesis from L-arginine, e.g., the consumption of nitrite- and nitrate-rich foods 
such as fruits, leafy vegetables, and cured meats along with antioxidants. Regular intake of nitrate-con- 
taining food such as green leafy vegetables may ensure that blood and tissue levels of nitrite and NO 
pools are maintained at a level sufficient to compensate for any disturbances in endogenous NO synthe- 
sis. However, some in the public perceive that dietary sources of nitrite and nitrate are harmful, and some 
epidemiological studies reveal a weak association between foods that contain nitrite and nitrate, namely 
cured and processed meats, and cancer. This paradigm needs revisiting in the face of undisputed health 
benefits of nitrite- and nitrate-enriched diets. This review will address and interpret the epidemiological 
data and discuss the risk-benefit evaluation of dietary nitrite and nitrate in the context of nitric oxide 
biology. The weak and inconclusive data on the cancer risk of nitrite, nitrate and processed meats are 
far outweighed by the health benefits of restoring NO homeostasis via dietary nitrite and nitrate. This 
risk/benefit balance should be a strong consideration before there are any suggestions for new regulatory 
or public health guidelines for dietary nitrite and nitrate exposures. 

© 2009 Elsevier Inc. AH rights reserved. 



Introduction 

Today, we are bombarded with media reports of studies relating 
diet to a number of chronic diseases, including coronary heart dis- 
ease, cancer, type 2 diabetes and osteoporosis. For the past several 
decades, observational studies of diet and cancer have yielded 
many inconsistent results [1,2]. Given the limited variation in die- 
tary intakes within many study populations and the seemingly 
weak diet-cancer associations that have been observed, results of 
such studies depend critically on an accurate assessment of dietary 
exposure [3,4], Measurement error in exposure can lead to serious 
errors in the reported relative risks of cancer for dietary intakes 
and can substantially reduce the statistical power to detect true 
existing relationships [3,4]. Extreme caution is required when 
interpreting associations, or the lack thereof, between dietary fac- 
tors and disease. 
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Overall, the media does a fairly good job of reporting the limita- 
tions of the studies and the fact that the published results are 
merely expressions of risk probability. However, a recent, promi- 
nent Perspective article in the New England Journal of Medicine 
[5] noted that all too frequently, what is conveyed about health 
and disease by many journalists is wrong or misleading, especially 
when they ignore complexities or fail to provide context. When 
this happens, the public health messages conveyed are inevitably 
distorted or inadequate. Therefore, the news media need to 
become more knowledgeable and to more fully embrace their role 
in delivering accurate, complete and balanced messages about 
health. 

This is especially needed when the results being communicated 
to the public are diet-health associations, due mainly to the com- 
plexity of the diet compared to a drug/placebo clinical trial. There 
has been a dramatically increased interest in nutrition and health 
over the past decade. What we eat or don't eat is constantly being 
linked to various diseases, and there is a constant flow of anxiety- 
provoking media headlines on television, radio, print and more 
recently the Internet. "Carcinogen-of-the-month" reporting has be- 
come very alarming to consumers, and dietary epidemiological 
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studies always seem to be contradicting each other, leading to 
much nutrition nonsense and food faddism. Because of these fears, 
consumers become sporadic or chronic avoiders of specific foods 
and ingredients, such as salt, fat, soft drinks, artificial sweeteners, 
carbohydrates in general, coffee/caffeine and meat products. 

In a recent issue of Archives of Internal Medicine, Sinha et al. [6] 
reported in a large prospective study that red and processed meat 
intakes were associated with modest increases in total mortality, 
cancer mortality, and cardiovascular disease mortality. Like many 
other studies, it failed to completely consider several additional 
factors that can contribute to chronic disease, including partici- 
pants' behavior as to alcohol and tobacco use, exercise, weight 
and access to health care. It also failed to recognize the role of beef, 
pork and other red meat in providing essential and under-con- 
sumed nutrients. In response to such reporting deficiencies, many 
individuals become either confused or alarmed about their own 
personal situation. There are also calls by numerous public health 
and consumer organizations to change our lifestyles as a matter of 
public policy. Therefore, it is important for participants in the so- 
cial debate to also understand the strengths and limits of epidemi- 
ological research. We will review the science of epidemiology, 
introduce the criteria for interpretation of the data and then dis- 
cuss some published reports on diet and risk of disease. Since foods 
are heterogenous and complex in terms of their composition and 
contribution to the overall diet, ascribing an individual component 
of food as "good" or "bad" is fraught with difficulty. We will pres- 
ent a cursory review of current epidemiological data, but we will 
also focus primarily on the context of nitrite and nitrate in foods 
and what is reported about them, in order to present a balanced 
view of dietary sources of essential nutrients and a potential 
risk-benefit evaluation. 



Epidemiology as a scientific discipline 

Modern epidemiology is the branch of medicine that deals with 
the study of the causes, distribution and control of disease fre- 
quency in human populations. Historically, epidemiology began 
as the study of epidemics of infectious disease. Epidemiology 
essentially looks for patterns of disease (time, place, exposures, 
personal characteristics). Nothing affects our health more than 
what we choose to eat. Many studies relate the association be- 
tween processed meats and cancer to their nitrite and nitrate con- 
tents. The primary concern for exposure to dietary nitrite (and 
nitrate as a precursor to nitrite) is its propensity to form potentially 
carcinogenic N-nitrosamines and their consequent potential to 
cause human cancer [7,8]. In terms of human cancer risk and diet, 
most of the publications, discussion and media attention have fo- 
cused on data from epidemiological studies. Therefore, it is impor- 
tant to understand the different types of dietary epidemiological 
studies, while at the same time noting that epidemiological associ- 
ations reported between dietary components, specific foods (or 
food groups) and chronic disease are rarely sufficient to establish 
cause and effect relationships. The results of epidemiological 
investigations must also be evaluated through other types of sup- 
portive studies (animal studies, mechanistic studies, metabolic 
studies, human clinical intervention trials, etc.) before persuasive 
causal relationships can be firmly established [9,10]. 

There are several types of epidemiological studies, each with 
their own strengths and weaknesses [10]. Ecologic/descriptive 
studies are the simplest and least persuasive type. They character- 
ize differences between large and diverse populations by simple 
generalizations and can help formulate hypotheses; however, they 
cannot control for potential confounding factors, i.e., factors that 
are known risk factors for the disease. Case-control studies focus 
on individuals and provide stronger evidence for an association 



than ecologic studies. "Recalled" past diets of individuals diag- 
nosed with a disease (cases) are compared to those of individuals 
without the disease (controls) in a retrospective case-control 
study. Many researchers rely on this type of study because of lower 
cost, smaller sample size and ability to study many potential fac- 
tors. However, such retrospective studies are subject to recall bias 
and unavailable or incomplete data particularly accurate dietary 
exposure data. There may also be questions regarding adequacy 
of the "control" group. Follow-up (prospective cohort) studies, on 
the other hand, are considered to provide the most definitive infor- 
mation and are the most persuasive study design. In these studies a 
cohort (group) of individuals, who do not yet have a specific dis- 
ease, are selected and followed over a period of time while collect- 
ing specific information regarding diet and other factors related to 
the development of the disease. However, prospective studies are 
more costly and require more time and larger numbers of subjects. 
Following on the results of these types of epidemiological study, it 
is critical to conduct human, randomized clinical intervention 
studies in order to ultimately establish cause-effect relationships. 

Interpretation of epidemiological studies demands causation 
criteria 

To evaluate research findings in any area of scientific investiga- 
tion, certain scientific standards, established by experts in each 
field, need to be applied. This is especially true when trying to 
determine the health effects of the inclusion or exclusion or varying 
levels of components in the diets of humans. The eminent British 
biostatistician and epidemiologist A. Bradford Hill published a sem- 
inal paper in 1965 [11] offering a number of interpretation criteria 
that would be useful when interpreting the statistical results ob- 
served in epidemiological studies. The goal of these criteria was 
to guide epidemiologists in inferring causation (or establishing 
"causal inference") from the associations observed in such studies. 
In effect, Bradford Hill tried to provide a framework to judge 
whether associations observed in a body of epidemiological work 
could be determined to be causal. Since the time of his publication, 
these criteria (which Bradford Hill urged others to call "viewpoints" 
and not true criteria) have become a de facto standard to evaluate 
the statistical associations found in epidemiological research. 

Bradford Hill pointed out, however, that none of these nine 
viewpoints provide indisputable evidence for or against a cause 
and effect hypothesis. What he claimed they could do, with greater 
or less strength, was to help answer the fundamental question of 
whether there is any other way of explaining the set of observed 
facts, i.e., is there any other answer equally, or more likely than 
cause and effect? His criteria are still very relevant to the scientific 
and public discussion of diet and disease relationships. Bradford 
Hill's causation criteria are described below, with examples given 
to help illustrate each of the criteria. 



The interpretation criteria for epidemiological associations pre- 
sented by A. Bradford Hill in 1965. 



1. Strength of 


Magnitude of the effect 


association 




2. Temporality 


Exposure must precede the disease 


3. Consistency 


Similar findings in many studies without 




contradictory results 


4. Theoretical 


Biological/Physiological/Metabolic knowledge 


plausibility 


supports the findings 


5. Coherence 


No alternate hypotheses 


6. Specificity 


No confounding factors are found 


7. Dose-response 


Higher risk with higher exposure 


8. Experimental 


Animal and in vitro experiments show the effect 


evidence 




9. Analogy 


Similar findings in other situations can apply 
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1. Strength of association: The stronger the relationship between the 
/■■v independent variable (the risk factor) and the dependent variable 
(the disease), the less likely it is that the relationship is due to an 
extraneous variable (a confounder). For example, the relative risk 
of smokers developing lung cancer is around 10 or above (i.e., a 
10-fold higher risk than for non-smokers). The relative risk associ- 
ated with consumption of grains containing mycotoxins and liver 
cancer is around 6. These are quite strong associations, and by con- 
trast, modest relative risks on the order of 2 or less should be 
viewed with skepticism due to the likelihood of many potential 
confounders. This was recognized in 1994 when the U.S. National 
Cancer Institute publicly indicated that relative risks values less 
than 2 were not strong enough to use for public policy pronounce- 
ments [12] (this document is available through the National Cancer 
Institute's CancerFax and CancerNet services, and in the News Sec- 
tion of the NCI's PDQ database. To get the document from Cancer- 
Fax, dial +1 301 402 5874 from the handset on your fax machine 
and follow the recorded instructions to receive the contents list: 
U.S. National Cancer Institute Press Release, Oct 16, 1994). 

2. Temporality: The exposure must precede the disease by a rea- 
sonable amount of time, i.e., a cause must precede an effect in time. 
For example, cigarette smoking over a period of years is well- 
established to increase lung cancer risk. While this relationship 
seems obvious, there have been published findings that have occa- 
sionally violated this criterion. 

3. Consistency: Multiple observations of an association, with dif- 
ferent people under different circumstances and with different 
measurement instruments, increase the credibility of a causal find- 
ing. Different methods (e.g., ecological, cohort and case-control 
studies) should produce the same conclusion. The relationship 
should also hold for different groups of people (in males and fe- 

f*' males, in different populations on different continents). This crite- 
rion is greatly debated, however, because consistency is often in 
the eye of the beholder. Some reviewers can conclude that six of 
ten studies with a statistically significant association represent a 
consistent finding, while others can see the same set of data as 
inconsistent. 

4. Theoretical plausibility: It is easier to accept an association as 
causal when there is a rational and theoretical basis for such a con- 
clusion supported by known biological and other facts. While our 
knowledge of physiology today is vast, there is still much that is 
unknown about the complex interactions of ingested foods and 
food components and their metabolism, interactions and potential 
adverse effects. 

5. Coherence: A cause-and-effect interpretation for an observed 
association is clearest when it does not conflict with what is known 
about the variables under study and when there are no plausible 
competing theories or rival hypotheses. In other words, the associ- 
ation must be coherent with other existing knowledge. The conclu- 
sion that smoking causes lung cancer, based on decades of 
epidemiologic, laboratory animal, pharmacokinetic, clinical and 
other biological data, showed that all available facts stuck together 
as a coherent whole. 

6. Specificity in the causes: In the ideal situation, the effect has 
only one cause. In other words, showing that a disease outcome 
is best predicted by one primary factor adds credibility to a 
causal claim. But this is often not the norm. High consumption 
of one food, food ingredient or nutrient can be covariate with 
low consumption of another food or ingredient, and it is often 
difficult to determine which of the two is more important. Other 

/"""^ non-dietary confounders must also be considered. For example, 
chronic Helicobacter pylori infection is a strongly suspected risk 
factor for gastric cancer [13]. Nutritional epidemiological 
studies that fail to account for the incidence of this infection in 
the population studied should therefore be viewed with caution. 



7. Dose-response relationship: There should be a direct biological 
gradient (or dose-response) between the risk factor (the indepen- 
dent variable) and people's status on the disease variable (the 
dependent variable). Many dietary epidemiological studies report 
a significant statistical trend for dose-response, but on closer 
examination, the data can be highly inconsistent. The data may 
only span a very narrow range of dietary intakes or in some cases 
such a wide range of intakes that upper intakes are representative 
of a grossly unbalanced diet. Calculated relative risks may some- 
times decline to non-significant levels with higher intakes, or in 
some cases one quartile of intake may have a high enough calcu- 
lated risk to skew the overall results. Such data patterns, when 
deviating from the linear dose-response, need to be considered 
as unlikely dose-response relationships and also be considered 
as part of the consistency criterion. 

8. Experimental evidence: Any related research (animal, in vitro, 
etc.) that is based on experiments and supports the conclusions 
of epidemiological studies will make a causal inference more plau- 
sible. This must be tempered with the understanding that animals 
are not people, and results from lifetime, chronic feeding bioassays, 
where rodents are dosed at levels up to and sometimes exceeding 
maximum tolerated doses (MTDs), in such testing programs as the 
U.S. National Toxicology Program, may often be very useful but are 
not definitive by themselves. 

9. Analogy: Sometimes a commonly accepted phenomenon in 
one area can be applied to another area. For instance, a newly dis- 
covered N-nitrosamine may be considered to be a carcinogen if it 
has structural similarities to other well-known carcinogenic N- 
nitrosamines. However, analogy is an obtuse criterion, and thus 
is considered to be a weaker form of evidence. This makes the 
application of the analogy consideration even more uncertain than 
the application of considerations on plausibility and coherence. 

Bradford Hill developed his list of "criteria" that continues to be 
used today. When using them, it's important not to forget Hill's 
own advice: "None of these nine viewpoints can bring indisputable 
evidence for or against a cause and effect hypothesis. . . What they 
can do, with greater or less strength, is to help answer the funda- 
mental question - is there any other way of explaining the set of 
facts before us, is there any other answer equally, or more, likely 
than cause and effect?" Phillips and Goodman [14] have recently 
provided observations on the use of Hill's "causal criteria." They ar- 
gued that the uncritical repetition of Hill's criteria is probably 
counterproductive in promoting sophisticated understanding of 
causal inference, but they set out a simplified list of the key Hill 
considerations that they thought is worthy of repeating: 

• "Statistical significance should not be mistaken for evidence of a 
substantial association. 

• Association does not prove causation (other evidence must be 
considered). 

• Precision should not be mistaken for validity (non-random 
errors exist). 

• Evidence (or belief) that there is a causal relationship is not suf- 
ficient to suggest action should be taken. 

• Uncertainty about whether there is a causal relationship (or 
even an association) is not sufficient to suggest action should 
not be taken." 

The authors pointed out that while these points may seem obvi- 
ous when stated so briefly and bluntly, causal inference and health 
policy decision-making would benefit tremendously if they were 
considered more carefully and more often. 

The International Food Information Council (1FIC) Foundation 
has addressed the issue of "How to Understand and Interpret Food 
and Health-Related Scientific Studies" [15]. They discuss the types 
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of epidemiological research studies and what journalists, educators 
and health professionals should look for when critically reviewing 
scientific studies. When evaluating an epidemiological report, IFIC 
suggested that the following questions can be asked: 

• Could the study be interpreted to say something else? 

• Are there any methodological flaws in the study that should be 
considered when making conclusions? 

• Are the study's results generalizable to other groups? 

• How does the work fit with the body of research on the subject? 

• What are the inherent limitations of this type of study and does 
the research design fit the stated purpose of the study? 

• Has the author omitted important points in the background sec- 
tion which could have a meaningful effect on the study design or 
interpretation of the results? 

• Are there any major design flaws in the study and are the data 
collection measures appropriate to answer the study questions? 

• Were methodological limitations acknowledged and discussed 
and what influence might these have had on the results? 

• What is the real and statistical significance of the results? 

• To whom do the results apply and how do the results compare 
to those of other studies on the subject? 

• Are the conclusions supported by the data? 

• Are the conclusions of the study related to the stated purpose of 
the study? If not, does the study design and results support the 
secondary conclusions? 

A recent Commentary addressed the important issue of false- 
positive results that are inherent in the testing of hypotheses con- 
cerning cancer and other human illnesses [16]. The authors point 
out that epidemiology has been increasingly criticized for produc- 
ing results that are often sensationalized in the media and some- 
times fail to be upheld in subsequent studies. They suggested 
general guidelines or principles, including editorial policies requir- 
ing the prominent listing of study caveats, which may help reduce 
the reporting of misleading results. The authors also urged in- 
creased humility by study authors regarding findings and conclu- 
sions in epidemiology, noting that this would go a long way 
toward diminishing the detrimental effects of false-positive results 
in several areas: (1) the allocation of limited research resources; 
(2) the advancement of knowledge of the causes and prevention 
of cancer and (3) the scientific reputation of epidemiology. They 
concluded that such efforts would help to prevent oversimplified 
interpretations of results by the media and the public. 



Diet and cardiovascular disease 

Now with these epidemiological criteria in mind, we will pres- 
ent the available data on certain foods and risk of specific diseases, 
namely cardiovascular disease (CVD) and cancer. Nothing is more 
important to our health than our diet, and there are well-estab- 
lished and recognized dietary patterns that confer health benefits. 
Numerous dietary epidemiological data have generally indicated 
an inverse relationship between dietary intake of fruits and vege- 
tables and incidence of both CVD and cancer. The specific constit- 
uents of fruits and vegetables that afford protection from CVD have 
and continue to be widely researched and debated. Although there 
are many dietary components which may have protective effects, 
antioxidants appear to be one of the groups of phytochemicals that 
play a significant role. 

One group of antioxidants present in fruits and vegetables is 
known as "polyphenols" or "polyphenolics" and is believed to neu- 
tralize free radicals formed in the body, thus minimizing or pre- 
venting damage to cell membranes and other cell structures. 
Although antioxidants are generally credited with improving states 



of oxidative stress, epidemiological studies which have evaluated 
the efficacy of supplementation with a high dose of an antioxidant 
alone, such as vitamin E, have shown no apparent improvement 
and in some cases a decrease in cardiovascular protection [17]. 
Yet, when these antioxidants are consumed through the diet in 
the form of fruits and vegetables, there is a significant degree of 
protection, best represented by the decrease in mortality rates 
from CVD of those consuming the popular Mediterranean diet 
[18]. Although Mediterranean diets vary by country, seasonal 
availability of ingredients and traditional cooking habits, they all 
tend to be rich in fruits, vegetables and monounsaturated fatty 
acids while low in saturated fat and meat. Epidemiological studies, 
such as the Seven Countries Study [19-25], have led to theories 
describing why and how the Mediterranean diet may promote a 
lower incidence of CVD, and antioxidants are emerging as a key 
component. However, since antioxidant supplementation alone 
does not confer the cardiovascular benefits, there must be more 
to explain the cardioprotection afforded by fruits and vegetables. 

The data and emerging story presented in this context provide a 
convincing argument for nitrite and nitrate as probable protective 
components [26,27]. The Seven Countries Study constitutes the first 
nutritional epidemiological investigation that provided solid data 
for cardiovascular disease rates in different populations. The Seven 
Countries Study is the prototypical comparison study of popula- 
tions, made across a wide range of diet, risk, and disease experience. 
It was the first to explore associations among diet, risk, and disease 
in contrasting populations (ecologic correlations). Central chemical 
analysis of foods consumed among randomly selected families in 
each area, plus diet-recall measures in all the men, allowed an effec- 
tive test of the dietary hypothesis. The study was unique for its 
time, in standardization of measurements of diet, risk factors, and 
disease; training its survey teams; and central, blindfold coding 
and analysis of data. In this study the results for all-cause death 
rates in Greece, Japan and Italy were quite favorable compared with 
the USA, Finland, the Netherlands and the former Yugoslavia; the 
results also showed a lower incidence of CVD after a 5-year fol- 
low-up for the same countries that exhibited low mortality. The 
diet consumed by the Mediterranean cohorts studied was associ- 
ated with a very low incidence of CVD and was called the Mediter- 
ranean diet by Keys [28]. Following the Seven Countries Study, the 
Mediterranean diet has oftentimes been singled out as a healthy 
diet. Additional studies later confirmed the association of the Med- 
iterranean diet with decreased incidence and prevalence of chronic 
diseases, mainly CVD, in countries where it was consumed. 

There are food peculiarities for the different populations in the 
Mediterranean basin. However, beyond the apparent differences, 
there are nutritional characteristics common to all or most of the 
diets in the Mediterranean region. The Mediterranean diet is char- 
acteristically low in saturated and high in monounsaturated fats 
(olive oil), low in animal protein, rich in carbohydrates, and rich 
in vegetables and leguminous fiber. People consuming a Mediter- 
ranean diet eat a relatively large amount of fish and white meat, 
abundant fruits and vegetables and a low amount of red meat, 
but they also drink moderate amounts of red wine [29]. The health 
benefits of Mediterranean diets have been attributed, at least in 
part, to the high consumption of antioxidants provided by fruit, 
vegetables and wine and to the type of fat, rich in monounsatu- 
rated and co-3 fatty acids from vegetables and fish, and especially 
to a balanced co-6/co-3 fatty acid ratio, as is found in the traditional 
diet of Greece prior to 1960 [29]. Emerging data reveal that part of 
the health benefits may be mediated through their nitrite/nitrate 
content since diets rich in fruits and vegetables, i.e., Mediterranean 
diet are enriched in nitrite and particularly nitrate [26,27]. In fact, 
based on a convenience sample from each, a typical Mediterranean 
diet may contain as much as 20 times higher nitrite and nitrate 
than a typical western diet [30]. 
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Diet and cancer 

In contrast to the evidence on diet and CVD, epidemiological 
data on the consumption of meats and the risk of cancer some- 
times reveal a slightly increased risk. Since dietary factors, which 
can be numerous and complex, may yield both positive and neg- 
ative risk associations, they are of great interest to the research 
community, public health agencies and to the public. A total of 
1,479,350 new cancer cases and 562,340 deaths from cancer 
are projected to occur in the U.S. in 2009 [31]. The U.S. National 
Institutes of Health estimate overall costs of cancer in 2007 at 
$219.2 billion. Smoking, poor nutrition, and physical inactivity 
are important risk factors for cancer. There is evidence that die- 
tary patterns, foods, nutrients, and other dietary constituents are 
closely associated with the risk for several types of cancer. And 
while it is not yet possible to provide quantitative estimates of 
the overall risks, it has been estimated that up to 35 percent of 
cancer deaths may be related to dietary factors [32]. Many epide- 
miologic studies have shown that populations that eat diets high 
in vegetables and fruits and low in animal fat, meat, and/or cal- 
ories have reduced risk of some of the most common cancers. 
Coincidently, fruits and vegetables are enriched with nitrite and 
nitrate from the soil. Colorectal cancer is the third leading cause 
of cancer-related deaths for both males and females in the U.S. 
Consumption of specific food components has been associated 
with risk of colorectal cancer. Dietary factors associated with in- 
creased colorectal cancer risk, include red meats and processed 
meats, while dietary fiber consumption is associated with de- 
creased risk in low risk populations. 

The consumption of red meat and, in particular, processed or 
preserved or cured meats (i.e., meats treated with nitrite as a food 
additive, including ham, bacon, hot dogs, etc.), has been related to 
the incidence of colorectal cancer since 1975 in several epidemio- 
logical studies. A worldwide recommendation for moderation in 
the consumption of preserved meats, such as sausages, salami, ba- 
con and ham, was launched by the World Health Organization in 
2003 [33]. However, a 2007 report by the World Cancer Research 
Fund and the American Institute of Cancer Research (WCRF/AICR) 
has presented a recommendation to "avoid processed meats" 
[34], based on a meta-analysis of a limited number of selected co- 
hort studies showing increased risk of colorectal cancer with in- 
creased intake of processed meats. The summary estimate of 
relative risk was determined to be 1.21 (95% confidence inter- 
val 1.04-1.42) per 50 g intake/day and was supported by case- 
control studies. A separate Swedish meta-analysis of 14 cohort 
studies reported a slightly lower summary hazard ratio estimate 
of 1.09 (95% confidence interval = 1.05-1.13) per 30 g intake/day 
[35]. However, these findings must be viewed with skepticism, con- 
sidering that a relative risk ratio of 1.0 indicates no increase in risk 
and anything less than 2.0 should not be used for public policy rec- 
ommendations, according to the U.S. National Cancer Institute [12]. 

According to the WCRF/AICR summary estimate of relative 
risk, a decrease of 50g/day in processed meat consumption 
may then lower the total number of colorectal cancer cases by 
approximately 20%. A relative risk estimate of <1.3 would nor- 
mally receive little attention in the epidemiological community. 
However, exposure to processed meats is so widespread, even a 
modest association, if proven causal, may have considerable pub- 
lic health consequences [36]. Curiously, the same literature re- 
view by the WCRF/AICR found a statistically significant 26% 
protective effect against rectal cancer for the highest meat con- 
sumption level, an important finding not referenced in the 
WCRF/AICR report or the press release that accompanied the re- 
port. However, there are also large epidemiologic studies show- 
ing no association between colorectal cancer and exposure to 



red or processed meats [37,38], and a recent meta-analysis pub- 
lished since the release of the WCRF/AICR report does not appear 
to support an independent association between animal fat intake 
or animal protein intake and colorectal cancer [39]. In addition, 
the findings of another recent meta-analysis showed no support 
for an independent relation between red or processed meat in- 
take and kidney cancer [40]. Although some of the summary re- 
sults were positive, all were weak in magnitude, most were not 
statistically significant, and associations were attenuated among 
studies that adjusted for key potential confounding factors, as 
has often been seen in many cancer epidemiology studies of 
meat intake. 

The International Agency for Research on Cancer (IARC), a Uni- 
ted Nations/World Health Organization body headquartered in 
Lyon, France, has the mission to coordinate and conduct research 
on the causes of human cancer and the mechanisms of carcinogen- 
esis and to develop scientific strategies for cancer control. The 
agency is involved in both epidemiological and laboratory research 
and disseminates scientific information through publications, 
meetings, courses, and fellowships. IARC Director Peter Boyle and 
his colleagues responded to the media confusion caused by the re- 
lease of the WCRF/AICR in an editorial in the Annals of Oncology [2]. 
They strongly objected to the report's downplaying the causative 
role of tobacco smoking and second-hand smoke in cancer causa- 
tion and also criticized the report's conclusions on overweight, 
obesity and diet as major cancer causation factors. Boyle and col- 
leagues specifically cast doubt on the rationale used to classify as 
"convincing" the evidence linking high meat intake to colorectal 
cancer risk. In fact, they argued that this conclusion on meat and 
cancer raised questions about the WCRF/AICR evaluation process 
and about the robustness of the classification system. Pointing 
out the fragile grounds on which the conclusions of the WCRF re- 
port were based, the editorial's authors felt that the information 
to the media should have been more cautious and less confusing, 
and that after decades of dietary research activity, we still do not 
know how we need to change what we eat to reduce our cancer 
risk. 

Firm evidence of cancer causation in humans is lacking for die- 
tary nitrite and nitrate. A comprehensive review [41 ] could find no 
epidemiological evidence linking stomach, brain, esophageal and 
nasopharyngeal cancers to dietary intake of nitrate, nitrite or JV-ni- 
troso compounds. This conclusion was further supported by a 
study showing that cured meat consumption was not linked to 
adult or childhood brain cancer in the U.S. [42]. The epidemiolog- 
ical data on meats, particularly cured and processed meats, be- 
comes important in terms of exposure because such products are 
known to contain nitrite and nitrate. There are many other con- 
founding factors in meats (saturated fats for example), but the di- 
rect implications for nitrite and nitrate content are far from 
conclusive. Early reports implicated nitrite and nitrate in processed 
meats as the culprit. Since the 1950s, when the potential to form 
carcinogenic N-nitrosamines from the reaction of nitrous acid with 
secondary amines was recognized, the use of nitrite salts as food 
preservatives has been under intense scrutiny. Numerous case- 
control studies have been conducted worldwide to determine if 
there is a link between gastric cancer and nitrate intake [41,43,44]. 

It is well known that elevated dietary nitrate intake leads to ele- 
vated salivary nitrate levels and, after reduction by oral bacteria, 
higher levels of ingested nitrite [45-47]. Studies in Canada, Italy, 
Sweden and Germany involving thousands of study subjects have 
failed to show an association or demonstrated an inverse associa- 
tion between estimated nitrate intake and gastric cancer, perhaps 
because much of the nitrate was from vegetables [44]. Occupa- 
tional exposure to very high levels of nitrate occurs in fertilizer 
workers, who have elevated body burdens of nitrate and elevated 
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salivary nitrate and nitrite levels show no increased incidence of 
gastric cancers. [44]. Case-control studies attempting to link nitrate 
and nitrite consumption to brain, esophageal, and nasopharyngeal 
cancers have also been inconclusive [41]. In other studies pub- 
lished over two decades, the relationship between the consump- 
tion of cured meats during pregnancy and the risk of brain and 
other tumors in offspring was examined [43]. In a review of 14 epi- 
demiological studies, 13 of which were case-control studies, Blot 
et al. [43] could not conclude a relationship between cured meat 
consumption during pregnancy and brain or any other cancers. It 
may be that in the limited number of epidemiological studies link- 
ing nitrate, nitrite or cured meats to a specific cancer site, other as- 
yet uncharacterized dietary or environmental factors may be 
involved. 

Thus, the concern for the use of added nitrite in processed 
meats (added nitrate is only used in a very limited number of 
products outside the U.S.) has waxed and waned as numerous 
studies were published and independent review and food regula- 
tory panels have been convened to make determinations about 
nitrite for use as a food additive and public policy. In 2000, the 
results of a comprehensive battery of rodent carcinogenicity 
and mutagenicity studies by the U.S. National Toxicology Pro- 
gram (NTP), including a standard, 2-year chronic cancer bioassay 
of sodium nitrite in rats and mice, were presented to the NTP 
Technical Reports Review Subcommittee for evaluation. The final 
NTP Technical Report [48] indicated that the only adverse finding 
in both rats and mice was an "equivocal evidence" finding that 
sodium nitrite weakly increased the number of forestomach tu- 
mors in female mice but not in male mice or male or female rats. 
All other organ sites in both rats and mice showed no evidence 
of carcinogenicity. In short, any suspicion of sodium nitrite's car- 
cinogenicity in rodents was not supported by this state-of-the-art 
cancer bioassay study. Shortly thereafter, in 2000, nitrite was 
also reviewed and evaluated for potential listing as a develop- 
mental and reproductive toxicant under the Proposition 65 Stat- 
ute in California. A review of 99 studies on sodium nitrite led the 
state's Developmental and Reproductive Toxicant Identification 
Committee of eight independent scientists to conclude that so- 
dium nitrite should not be listed as a developmental toxicant 
or as a male or female reproductive toxicant under California's 
Proposition 65 law. The literature and activities associated with 
the above events were reviewed and published by Archer [49]. 

The latest review of ingested nitrate and nitrite carcinogenicity 
was conducted in June 2006 by an expert working group convened 
by IARC [50]. The IARC working group made a decision to classify 
nitrate and nitrite for their potential as human carcinogens as 
follows: 

"Ingested nitrate or nitrite under conditions that result in 
endogenous nitrosation is probably carcinogenic to humans 
(Group 2A)." 

The expert group found that nitrate/nitrite was weakly associ- 
ated with human stomach cancer only. They also appeared to 
disregard or misinterpret the findings of the NTP cancer rodent 
bioassay, which showed sodium nitrite was not carcinogenic in 
rats and mice. The above conclusion, which in a very narrow 
sense may be accurate, has in a broader biological sense ques- 
tionable and minimal practical application. In simple terms, this 
overall evaluation means that the ingestion of food and water 
that contain nitrate or nitrite (e.g., spinach and other green leafy 
vegetables, root vegetables, bread, beer, cured meats), in 
combination with amines and amides commonly found in food, 
can react in the stomach to form N-nitrosamines and N-nitrosa- 
mides, which are known animal carcinogens already classified by 
IARC. 



Antimicrobial benefits of nitrite in the food supply 

Despite the very weak associations sometimes reported be- 
tween dietary nitrite/nitrate and cancer, we must not forget the 
essential nature of these "curative" salts in the safety of the food 
we eat. The antibotulinal properties of nitrite have long been rec- 
ognized. The use of nitrite to preserve meat has been employed 
either indirectly or directly for thousands of years. Nitrite inhibits 
outgrowth of Clostridium botulinum spores in temperature-abused 
(i.e., non-refrigerated) meat products. The mechanism for this 
activity was extensively investigated and results from inhibition 
of iron-sulfur clusters essential to energy metabolism in this obli- 
gate anaerobe [51-53]. Importantly, the broad antimicrobial ef- 
fects of nitrite and implications for human health are still being 
researched. Commensal bacteria that reside within and on the hu- 
man body can reduce nitrate, thereby supplying a large and alter- 
native source of nitrite. Thus, ingested nitrite is also derived from 
reduction of salivary nitrate [54]. About 25% of orally ingested 
available nitrate is actively secreted into the saliva. This nitrate is 
partially converted to nitrite by oral bacteria and then dispropor- 
tionates with formation of NO after entering the acidic environ- 
ment of the stomach, helping to reduce gastrointestinal tract 
infection, increase mucous barrier thickness and increase gastric 
blood flow [54]. 

Humans, unlike prokaryotes, are thought to lack the enzymatic 
machinery to reduce nitrate back to nitrite. However, recent dis- 
coveries reveal a functional mammalian nitrate reductase [55]. 
Lundberg and Govoni demonstrated that plasma nitrite increases 
after consuming nitrate [45]. Therefore, dietary and enzymatic 
sources of nitrate are potentially large sources of nitrite in the hu- 
man body. The nitrite in saliva has significant antimicrobial bene- 
fits when it is swallowed and converted to nitrous acid and other 
nitrogen oxides in the intestinal tract. The bactericidal effects of 
gastric fluids are significantly enhanced by the presence of in- 
gested nitrite. This has been demonstrated for known foodborne 
pathogens such as Escherichia coli 0157:H7 and Salmonella 
[56,57]. Nitrite and nitric oxide are also effective bacteriocidal 
agents against other microorganisms associated with diseases such 
as H. pylori, which has been linked to gastric cancer [58] and skin 
pathogens [59-61 ]. As a food additive, nitrite is also important in 
controlling potential growth of Listeria monocytogenes in processed 
meats. Models that estimate the effects of ingredients on microbial 
growth show dramatic reductions when nitrite is included [62- 
68]. The use of such models has enabled formulations of nitrite- 
cured processed meat products that will not support growth of L 
monocytogenes. To date, this has not been achieved for uncured 
counterparts where the only ingredient difference is nitrite. There- 
fore, addition of nitrite appears essential and requisite for ensuring 
food safety. 

The United States Department of Agriculture (USDA) has done 
extensive research to develop models to predict growth of patho- 
gens under a variety of conditions [69]. In their models, incorpora- 
tion of nitrite at current levels significantly inhibits growth of 
Listeria, £. coli, Staphylococcus aureus, and Bacillus cereus. By way 
of illustration, the following predictions were calculated from the 
USDA Pathogen Modeling program 7.0 model [69] and imply sig- 
nificant pathogen risk reduction when nitrite is included in prod- 
ucts (see Table 1). 

A second illustration from the same USDA model shown below 
is in agreement with the reports of enhanced bactericidal effects of 
nitrite in gastric fluid (see Table 2). 

The tradition of curing meats and more recent knowledge sur- 
rounding the use of sodium nitrite to address risk of pathogens 
has been embodied in modern food manufacturing systems. The 
use of these approaches in cured meats has been estimated to sig- 
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Table 1 

Predicted growth time (hours) for pathogenic organisms from log 3.0 CFU/mL to log 6.0 cfu/mL under anaerobic conditions in broth culture at pH 6.0 in the presence of 2.0% 
sodium chloride and different levels of sodium nitrite. 



Organism 



Temperature (°C) 



No nitrite 



Sodium nitrite (60 ppm) 



Sodium nitrite (120 ppm) 



Listeria monocytogenes 
E. coli0157:H7 
S. aureus 



4 
9 
12 



B. cereus 10^ 



208 
217 
195 
144 



283 
238 
230 
230 







383 

284 

284 

274 




Table 2 

Predicted 6.0 log reduction time (hours) for pathogenic organisms in broth culture at 
pH 4.0, 25 °C in the presence of 2.0% sodium chloride and different levels of sodium 
nitrite. 



Organism 


No 


Sodium nitrite 


Sodium nitrite 




nitrite 


(60 ppm) 


(120 ppm) 


Listeria 


781 


158 


60 


monocytogenes 








E.coli0157:H7 


147 


77 


_a 


S. aureus 


1572 


780 


295 


Salmonella 


6.3 


3.7 


2.2 



A Outside valid parameter range. 



nificantly reduce the risk of listeriosis ascribed to such products 
[70]. If the products were not cured (i.e., no nitrite was used), the 
risk reduction would be greatly diminished and major efforts 
would be needed to develop systems to produce equivalently safe 
products. 

Risk-benefit evaluation 

Nitrite is now known to be an intrinsic signaling molecule 
[71,72] capable of producing NO under appropriate conditions as 
well as forming nitrosothiols [71,73]. Nitrite has been shown to in- 
crease regional blood flow [74], increasing oxygen delivery to hyp- 
oxic tissues. Enhancing nitrite availability through therapeutic 
intervention by administering bolus nitrite prior to cardiovascular 
insult has shown remarkable effects in reducing the injury from 
myocardial infarction, ischemic liver and kidney injury, stroke 
and cerebral vasospasm [75-80] in animal models. These first re- 
ports on the efficacy of nitrite in cytoprotection have led to nine 
current clinical trials for the use of nitrite and/or nitrate in both 
healthy volunteers and patients with specific cardiovascular com- 
plications (www.clinicaltrials.gov). Most recently, nitrite has been 
shown to precondition the myocardium when given 24 h prior to 
ischemic insult due to the modulation of mitochondrial electron 
transfer [81] as well as augment ischemia-induced angiogenesis 
and arteriogenesis [82]. Nitrite also presents remarkable efficacy 
in promoting regional blood flow in sickle cell patients [83]. Plasma 
nitrite levels increase in response to exercise in healthy individu- 
als, whereby in aged patients with endothelial dysfunction there 
is no increase in nitrite from exercise [84]. Nitrite has also been 
shown to predict exercise capacity [85] and enhance exercise effi- 
ciency in humans [86], Physical activity can even prevent age-re- 
lated impairment in NO availability in elderly athletes [87]. We 
now know that nitrite is just as efficacious when given orally at 
restoring NO biochemistry [88], reversing hypertension from NOS 
inhibition [89], protecting from myocardial ischemia-reperfusion 
injury [90], inhibiting microvascular inflammation, reversing 
endothelial dysfunction and reducing levels of C-reactive protein 
[91]. This provides proof of concept that dietary sources of nitrite 
have important physiological functions. 

According to the World Health Organization, cardiovascular dis- 
ease (CVD) is the number one killer of both men and women in the 
U.S. These deaths represent a staggering 40% of all deaths. Close to 



1 million people die each year and more than 6 million are hospi- 
talized. The cost of CVD, in terms of health care and lost productiv- 
ity, is over $270 billion and increasing as the baby boom 
population ages. Ischemic heart disease, as the underlying cause 
of most cases of acute myocardial infarction, congestive heart fail- 
ure, arrhythmias, and sudden cardiac death, is the leading cause of 
morbidity and mortality in all industrialized nations. In the United 
States, ischemic heart disease causes nearly 20% of all deaths 
(~600,000 deaths each year), with many of these deaths occurring 
before the patient arrives at the hospital. Heart disease is very 
likely the result of a dysfunctional endothelium. 

One of the most important substances released by our body is 
NO. The discovery that the human body makes NO from L-arginine 
revolutionized science and medicine. Continuous generation of NO 
is essential for the integrity of the cardiovascular system and a de- 
creased production and/or bioavailability of NO is central to the 
development of cardiovascular disorders. It is also important for 
communication in our nervous system and a critical molecule 
which our immune system uses to kill invading pathogens, includ- 
ing bacteria and cancer cell. Reduced NO availability is a hallmark 
of a number of disorders, including CVD. Understanding strategies 
to enhance and restore NO homeostasis is critical to developing 
treatments to cardiovascular disease and more importantly strate- 
gies to prevent disease from developing. 

The notion that there may be certain foods that can enrich NO 
within our body is revolutionary. Therapeutics is the branch of 
medicine concerned with the remedial treatment of disease. It is 
prudent at this juncture to take a step back and look at nitrite 
and nitrate as a means of prevention of a number of diseases asso- 
ciated with NO insufficiency. Early intervention to restore NO/ni- 
troso homeostasis through natural dietary means may prove to 
be a cost-effective and natural means to prevent disease. It is 
becoming increasingly clear that a deficiency in NO is a hallmark 
of a number of disease conditions. It is highly unlikely that nature 
devised a singular pathway which requires a complex five-electron 
oxidation of a semi-essential amino acid requiring multiple co-fac- 
tors and prosthetic groups. There is, by design, enormous redun- 
dancy in physiology where there are multiple pathways and 
regulatory processes for critical biological functions. This redun- 
dancy ensures that if one pathway is absent or dysfunctional, there 
is an alternative to produce and regulate critical signaling mole- 
cules and pathways. Maintenance of NO homeostasis by nitrite 
may be the redundant backup system in NO biology. A simple 
one-electron reduction of nitrite to form NO or bimolecular reac- 
tion with thiols to form nitrosothiols is a viable and effective sys- 
tem for recapitulating NO biochemistry. Since at least half of our 
body's pool of nitrite is derived from what we eat, we can at will, 
affect NO biochemistry through dietary means. Discovery and rec- 
ognition of this pathway is likely to affect public health and strat- 
egies to prevent and/or treat disease. We are currently faced with 
an enormous public health crisis as our aging baby boomers suc- 
cumb to disease, particularly CVD. Treatment and care of our great- 
est generation is a tremendous economic burden, and developing 
strategies to prevent disease or reduce injury from a cardiovascular 
accident will improve patient outcome and enhance quality of life. 
Recognizing a natural and inexpensive regimen of foods rich in ni- 
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trite and nitrate to restore NO homeostasis can have profound ef- 
fects on public health. It is time for health care professionals, clin- 
ical nutritionists, dieticians, food scientists and epidemiologists to 
begin discussion and appreciate contemporary views of nitrite and 
nitrate in the context of indispensable nutrients. 

As with any remedy or treatment, a risk-benefit reward eval- 
uation should be considered. A 2009 Expert Report published by 
the Institute of Food Technologists (IFT) provided a comprehen- 
sive review of the safety and regulatory processes for making 
decisions about the risks of chemicals in foods [92]. This report 
described the need for scientists, health professionals and public 
health authorities to evaluate the health benefits of a specific 
food or food group when also assessing the health risks that 
may be posed by the food or food group. Numerous case exam- 
ples were cited in the report, specifically the weighing of the 
risks of methyl mercury contamination of certain fish compared 
to the nutritional benefits of fish consumption, the cancer-reduc- 
ing effects of coffee consumption even with the presence of trace 
levels of animal carcinogens in roasted coffee, and the potential 
cancer risks of heat-induced carcinogens (known to occur at 
trace levels) in otherwise healthy and nutritional foods and bev- 
erages. One of the key conclusions of this expert report was that 
the risks and benefits of the whole food should be evaluated in- 
stead of simply focusing on the risks of individual chemical com- 
ponents of the food. 

Using the concepts discussed in the IFT Expert Report, we pre- 
dict that the benefits of dietary nitrite and nitrate will strongly out- 
weigh any potential risks, particularly for patients with conditions 
of NO insufficiency. The now recognized and undisputed benefits 
of dietary nitrite and nitrate should be put in context to the very 
weak associations to its potential risks. In an editorial comment, 
Katan [93] eloquently put this point in perspective: "...evidence 
for adverse effects of dietary nitrate and nitrite is weak, and intakes 
above the legal limit might well be harmless. This is not unusual in 
regulatory toxicology. Many chemicals and contaminants might 
well be safe at intakes above their legal limit. Authorities willingly 
accept that possibility; erring on the safe side with many chemicals 
is justified if it keeps just one true carcinogen out of the food sup- 
ply. But the trade-off changes when excessive caution deprives us 
of beneficial substances, as claimed by Hord et al. for nitrate [26]. 
In that case, the evidence for harm needs to be weighed against the 
potential benefit." 

Conclusion 

A long history of safe use as a food additive, minimal endoge- 
nous production of N-nitrosamines and natural metabolism of in- 
gested nitrite all argue that nitrite as currently used in foods is a 
safe food additive and even beneficial to human health. Dietary in- 
take of nitrate is a well-known marker of a health-promoting fruit 
and vegetable diet. In addition, nitrite and nitrate per se, as individ- 
ual chemical compounds, have never been shown to be carcino- 
gens in animal or human studies. Nitrate itself is not capable of 
reacting with amines to form N-nitrosamines. One could ask the 
question then, how simultaneous ingestion of nitrite/nitrate and 
nitrosatable amines/amides could be prevented or reduced by pub- 
lic policy considerations stemming from IARCs "probably carcino- 
genic to humans" conclusion, when the majority of ingested 
(swallowed) nitrite is endogenously produced in saliva and the 
major source of nitrate is the consumption of health-promoting 
fruits and vegetables. Thus, to eat is to ingest nitrite, nitrate, 
amines and amides, regardless of the specific diet. Specifically, 
the consumption of processed, cured meats would be no more or 
less risky given the low amount of residual nitrite in such products 
ready to consume (approximately lOppm in individual servings, 
and sometimes even undetectable). 



There will very likely be considerable debate about the emerg- 
ing health benefits of dietary nitrite and nitrate in light of the fact 
that we have been told to limit their intake. However, when con- 
sidered in the context of evolving research about the biological 
function of all nitrogen oxides (including nitrite and nitrate) and 
their metabolism, any changes to current food regulations on ni- 
trite are simply unwarranted, as are any regulatory implications 
for the unavoidable presence of nitrate in fruits and vegetables. 
The use of nitrite as a direct food additive represents only a small 
addition to the body burden of endogenously produced nitrogen 
oxides. It is hard to believe that the ingestion of nitrite from cured 
meats or nitrate from fruits and vegetables could have any poten- 
tial adverse toxic outcomes. As more is understood about the hu- 
man metabolic nitrogen oxide cycle, it will become apparent that 
nitrite is a safe and appropriate food additive providing many more 
benefits to society than risks, and nitrate naturally occurring in 
fruits and vegetables and some drinking waters poses insignificant 
risks. In fact, the inherent nitrate content of Traditional Chinese 
Medicines and their ability to convert nitrite to NO in essence pro- 
vide over 5000 years of phase 1 safety data in humans with known 
curative properties for certain ailments and conditions [94]. 

Consumers should avoid getting caught up in fads to the point 
where they might ignore sound science and common sense. Die- 
tary fads seem to have varying lifetimes, sometimes 3 months to 
even 3 years and, often in retrospect, some common sense critical 
thinking at the early stages of dietary research reporting could 
avoid a lot of poor dietary advice. We have seen a variety of diet 
vs. disease fads, some spanning decades, such as the low-fat craze 
which, according to some observers, has led to significant increases 
in the incidence of both obesity and type 2 diabetes. Such fads may 
have negative consequences where they not only fail to improve 
public health, but actually result in unintended adverse health ef- 
fects. The importance of dietary variety, balance and moderation 
should be stressed along with the importance of protective factors 
(including adequate consumption of fruits and vegetables) in the 
total diet, combined with a physically active lifestyle. We believe 
that the weak and inconclusive data on nitrite and nitrate cancer 
risks described here are far outweighed by the health benefits of 
restoring NO homeostasis as described by the volumes of pub- 
lished work over the past 10 years [72,95-101]. The risk/benefit 
balance should be a strong consideration before there are any sug- 
gestions for new regulatory or public health guidelines for dietary 
nitrite and nitrate exposures. 
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Abstract: To clarify the effects of Creatine Monohydrate (CrM) supplementation on growth performance and 
to evaluate histopathological lesions in rats and broiler chickens. Two species of animals, chickens and rats 
were maintained on standard conditions. Each of species (thirty six rats and thirty six chickens), were separated 
into three equal groups of twelve animals. The control group receiving no CrM while the experimental groups 
received CrM added to the water supply to achieve a dose of 0.25 and 0.5 g kg -1 day -1 . The body weight and 
feed intake were measured and feed conversion rate was calculated. All animals were dissected after 15 days; 
Portions of liver, kidney, skeletal muscle, were separated and prepared for histopathological sections. 
There were not any significant variations in body weight gain and feed conversion rate between control 
and creatine-supplemented groups in rats. There were not also any change in feed conversion rate in 
chickens but body weight gain significantly (p<0.05) increased at day 15 of rearing in creatine-supplemented 
group (0.5 g kg -1 day -1 ) compared to its control. Histopathological changes were not significant in two species. 
This study showed that creatine do not have any pathological effect on liver, kidney and muscle of rats and 
chickens and can improve body weight gain in rearing chickens. 

Key words: Creatine monohydrate, rat, chicken, growth performance 



INTRODUCTION 

Creatine is a guanidine compound produced 
endogenously by the liver and kidneys and is consumed 
in meat-containing diets (Terjung et ah, 2000). It is 
transported to skeletal muscle, heart, brain and several 
other tissues by a sodium-dependent transporter 
(Wyss and Kaddurah-Daouk, 2000). Endogenous 
synthesis of creatine plus dietary contribution, with half 
excreted as creatinine (Juhn and Tarnopolsky, 1998a, b). 
Creatine is an important compound in cellular energy 
buffering and in the shuttling of energy from the 
mitochondria to the cytosol. Creatine functions in 
maintaining cellular ATP homeostasis (Brosnan and 
Brosnan, 2007). Fatigue during maximal exercise of short 
duration is partially the result of phosphocreatine (PCr) 
depletion and inability of phosphocreatine hydrolysis to 
maintain a high ATP: ADP ratio (Greenhaff, 1 997). Thus, 
nonendurance athletes routinely ingest creatine for a 
short-term loading period (Toler, 1997). During high- 



intensity exercise, ATP hydrolysis is initially buffered by 
PCr via the Creatine Kinase (CK) reaction. Whereas PCr is 
available instantaneously for ATP regeneration, 
glycolysis is induced with a delay of a few seconds and 
stimulation of mitochondrial oxidative phosphorylation is 
delayed even further. On the other hand, the PCr stores in 
muscle are limited so that during high-intensity exercise, 
PCr is depleted within 10 sec. Therefore, if it were possible 
to increase the muscle stores of PCr and thereby to delay 
PCr depletion, this might favorably affect muscle 
performance. Studies have found that dietary 
supplementation with Creatine Monohydrate (CrM) can 
increase skeletal muscle (Parise et ah, 2001) and brain 
(Leuzzi et ah, 2000) total creatine and phosphocreatine 
concentrations, with an even greater degree of increase 
seen in organs with low baseline creatine content such as 
liver and kidney (Ipsiroglu et ah, 2001 ). 

Creatine loading results in increased water retention 
(Juhn, 1999). Cellular hydration is an anabolic proliferative 
signal for protein synthesis (Persky and Brazeau, 2001). 
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Additionally, Creatine monohydrate increases bone 
mineral density (Antolic et al, 2007). Thus, creatine 
supplementation could be expected to increase weight 
gain and percentage lean. 

There has been some concern regarding the potential 
for CrM toxicity based on two anecdotal human case 
reports (Koshy etal, 1999; Thorsteinsdottir etal 9 2006), 
one animal study in hypertensive rats (Edmunds et al, 
2001) and the fact that carcinogens can be fornied if 
creatine and sugars are heated to high temperatures 
(Wyss and Kaddurah-Daouk, 2000). In humans, most 
of the studies that have examined the potential for 
toxicity have not found evidence of side effects when 
consumed at recommended doses (Kreider et al. ? 2003; 
Mihic et al, 2000; Schilling et al, 2001). Several recent 
reviews have concluded that dietary CrM 
supplementation in humans appears to be relatively safe 
in the short term; however, they cautioned that the long- 
term side effects have not been evaluated systematically 
(Juhn and Tarnopolsky, 1998b; Terjung et al, 2000). 
Encouragingly, more recent studies in humans have 
not found evidence for CrM-associated toxicity based 
on blood analysis and side-effect questionnaires in 
older adults (Brose et al, 2003), young athletes 
(Terjung et al, 2000)and in patients with neurological 
diseases (Jan Groeneveld etal, 2003; Walter et al, 2000). 

This study was conducted to examine the effects of 
supplementation of CrM on growth performance and to 
evaluate its related histopathological lesions in rats and 
broiler chickens. 

MATERIALS AND METHODS 

Animals 

Chickens: The thirty five -day-old fast -growing broiler 
chickens (Ross 308) were reared for two weeks in floor 
pens (density 1 2 chickens m~ 2 ) on shaving saw dust litter. 
All chickens were kept under standard conditions 
(temperature, light) and provided ad libitum access to 
water and a standard ration. 

Rats: Young Sprague-Dawley rats were used in this 
study. They were maintained on standard chow and tap 
water ad libitum and were housed under conditions of 
controlled temperature (25±1 °C) and light (07:00-1 9:00 h). 
The experimental protocol was designed in compliance 
with the Principles of Laboratory Animal Care under 
constitutional rules of Sharekord University. 

Each of species (thirty six rats and thirty six 
chickens), were randomly separated into three equal 



groups of twelve animals and housed in these groups. 
The control group receiving no CrM while the 
experimental groups received CrM (Merck Chemical Co., 
Bubendorf, FRG)) added to the water supply to achieve a 
dose of 0.25 and 0.5 g kg -5 day" 1 . 

Experiments: Throughout the study, behavior of animals 
was noted and mortality was recorded daily. The body 
weight and feed intake were measured daily from each 
group and feed conversion rate was calculated. 

All animals were euthanized using an overdose of 
Halothane after 15 days of maintenance and were 
immediately dissected; tissues were visualized and 
palpated for evidence of gross pathology. Portions of 
liver, kidney, skeletal muscle (Iliotibialis), were immersed 
in 10% phosphate-buffered formaldehyde (formalin). 
These samples were dehydrated in increasing 
concentrations of ethanol and xylene and embedded in 
paraffin and 5 um thick sections were stained with 
hematoxylin and eosin and cover slipped. The tissue 
sections were reviewed blindly for histopathological 
changes. 

Statistical analysis: The tissue histopathology was 
analyzed using the Chi-Square nonparametric statistical 
test (SPSS-14.0 package). For body weight, feed intake 
and feed conversion rate as mearttSEM, a one-way 
ANOVA was employed with Tukey's post hoc test 
(SPSS-14.0 package). A p-value <0.05 was taken to 
indicate statistical significance. 

RESULTS AND DISCUSSION 

It was observed changes in the behavior of 
experimented rats after day 7. These changes were as 
hyperactivation and increased aggressiveness but it was 
not observed any change in behavior of chickens during 
rearing. 

There were not any significant variations in body 
weight gain and feed conversion rate between control and 
creatine-supplemented groups in rats (Table 1). There 
were not also any change in feed conversion rate in 
chickens but body weight gain significantly (p<0.05) 
increased at day 1 5 of rearing in creatine-supplemented 
group (0. 5 kg -1 day" 1 ) compared to its control (Table 2). 
The tissue sections showed nonsignificant 
histopathological changes such as congestion, hyaline 
cast sinusoidal dilatation, proximal tubular cellulitis in the 
liver or kidney of both species (Fig. 1 , 2). No change was 
observed in muscles. 
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Table 1 : Comparison of mean bodv weight gain and feed conversion rale in different rat groups 


Parameters 


Davs 


n 


Control 


T, (0.23 a ku 'dav-*) 


T, (0.25 kIeiT' day' 1 ) 


Body weight gain (g) 


3 


12 


161*10 


167*8 


156*4 


6 


12 


167*10 


173*8 


161*4 




9 


12 


176*9 


178*9 


166*5 




12 


12 


184±)0 


187*8 


168*4 




15 


12 


191*10 


198*9 


171*4 


Feed conversion rate 


3 


12 


0,02*0.001 


0,01*0.002 


0,02*0.003 




6 


12 


0.01 ±0.002 


0.01*0 001 


0.02*0.001 




9 


12 


0.01*0.002 


0.01*0.002 


0.02*0.001 




12 


12 


0.01 ±0.001 


0.01*0.001 


0.01*0.001 




15 


12 


0.01*0.001 


0.01*0 001 


0.01*0.001 


Tabic 2: Comparison of mean bodv wemht 


uain and feed conversion rate in different broiler groups 




Parameters 


Davs 


n 


Control 


T. (0.25 ukiT' day"') 


T,<0.25 U ko-'d*-'| 


Body weight gain (g) 


3 


12 


1260*41 


1217*65 


1254*60 




6 


12 


1550*39 


1457*50 


1545*54 




9 


12 


1822*46 


1861*91 


1769t55 




12 


12 


2223±90 


2113*66 


2197*78 




15 


12 


2349*59 


2487*55 


2512*55* 


Feed conversion rate 


3 


12 


0.09*0.008 


O.lOiO.007 


0.09*0.004 




6 


12 


0 10*0.006 


010*0.006 


0 10*0.006 




9 


12 


0.10*0.002 


0.10*0.002 


0.10*0.002 




12 


12 


0.09*0.001 


0.09*0.003 


0.09*0.001 




15 


12 


0.09*0,003 


0.09*0 001 


0.09±0.002 



**: p<0.05 from corresponding control 



Creatine monohydrate is an amino acid derivative 
that has become a popular sports supplement used to 
increase muscle performance (Wyss and Kaddurah- 
Daouk, 2000) in humans. As creatine is taken into the 
muscle, it is converted to phosphoereatine, which 
supplies the phosphate needed for the ^phosphorylation 
of ADI\ allowing for a delay in the onset of fatigue 
(Persky and Brazeau, 2001 ). 

Balsom et cil. (1995) showed that human athletes 
consuming 20 g of CrM day -1 for 6 day increased body 
mass by 1.1 kg. In the present study, feeding CrM, for 
15 days had no effect on body weight gain in rats but had 
significant elevation in chickens (Table 1 ). This difference 
between two species is probably due to differences at the 
metabolism and function of creatine. It was also observed 
an aggressiveness in rats that is agreed with the report of 
1 Iillbrand et cil. ( 1998). They found that there is a positive 
relationship between Creatine Kinase (CK) and aggressive 
behavior in 195 males. 

At the present study, it was not found any 
significant histopathological changes in liver and kidney 
at creatine-supplemented groups of rats and chickens. 
Juhn and Tarnopolsky (1998b) reported that use of CrM 
at the fewer than 28 days at recommended does has not 
been shown to cause significant adverse effects. 
Poortmans and Prancaux (1999) showed that neither short- 
term, medium -term, nor long-term oral creatine 
supplements induce detrimental effects on glomerular 
filtration rate, tubular reabsorption and glomerular 
membrane permeability. Mayhew et cil. (2002) determined 
that oral supplementation with CrM has no long-term 
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Pig. 1: Liver; Congestion and dilatation of sinusoids 
(H and E, 4x) 




Pig. 2: Kidney; cell swelling and dilatation in renal tubules 
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detrimental effects on kidney or liver functions in highly 
trained college athletes. Cancela et al. (2007) reported that 
8 week CrM supplementation does not affect on blood 
and urinary clinical health markers in soccer players. 
However these data confirm our histopathological results 
of liver and kidney. We also confirmed that creatine 
supplementation do not have side effect on muscle mass 
that is agreed with Bizzarini and Angelis (2004) results. 
They reported that no strong evidence linking creatine 
supplementation to deterioration of musculoskeletal 
functions has been found 

Taken together, the present study showed that 
creatine supplementation do not have any pathological 
effect on liver, kidney and muscle of rats and chickens 
and creatine can improve body weight gain in rearing 
chickens without any side effect. 
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.£ vitro studies indicate that acid catalysed generation of n-nitrosocompound s from dietary nitrate will be 

maximal at the gastro-oesophageal junction and cardia. Scand J Gastroenterol 2002;37:253-261. 

£ Background: Dietary nitrate increases saliva nitrite levels and swallowed saliva is the main source of 

2 nitrite entering the acidic stomach. In acidic gastric juice, this nitrite can generate potentially 

§ carcinogenic N-nitrosocompounds . However, ascorbic acid secreted by the gastric mucosa can prevent 

j nitrosation by converting the nitrite to nitric oxide. Methods: To study the potential for N- 

g nitrosocompoun d formation in a model simulating salivary nitrite entering the acidic stomach and the 

.2 ability of ascorbic acid to inhibit the process. Concentrations of ascorbic acid, total vitamin C, nitrite, 

Z nitrosomorpholine , oxygen and nitric oxide were monitored during the experiments. Results: The 

delivery of nitrite into HC1 containing thiocyanate resulted in nitrosation of morpholine, with the rate of 
nitrosation being greatest at pH 2.5. Under anaerobic conditions, ascorbic acid converted the nitrite to 
nitric oxide and prevented nitrosation. However, in the presence of dissolved air, the ascorbic acid was 
§ * ineffective at preventing nitrosation. This was due to the nitric oxide combining with oxygen to reform 

~ § nitrite and this recycling of nitrite depleting the available ascorbic acid. Further studies indicated that the 

ja § rate of consumption of ascorbic acid by nitrite added to natural human gastric juice (pH 1.5) was 

| ? extremely rapid with 200umol/l nitrite consumed 50()umol/l ascorbic acid within 10 s. Conclusions: 

<° The rapid consumption of ascorbic acid in acidic gastric juice by nitrite in swallowed saliva indicates that 

| the potential for acid nitrosation will be maximal at the GO junction and cardia where nitrite first 

encounters acidic gastric juice. The high incidence of mutagenesis and neoplasia at this anatomical 
^ location may be due to acid nitrosation arising from dietary nitrate. 

§ Key words: Ascorbic acid; Barrett oesophagus ; cardia cancer; intestinal metaplasia; nitrate; nitric oxide; 

| nitrite; nitrosoamines ; nitrosation; oesophageal cancer; vitamin C 
o 
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~*T~ "Helicobacter py lor /-induced gastritis can explain the exemplified by the lack of association between chronic 

o m m majority of cancers of the mid and distal stomach, duodenal ulceration and local cancer occurrence. The muta- 

X JL and although the prevalence of these cancers is gen and carcinogen responsible for the rising incidence of 

falling, along with that of the infection, the prevalence of lesions at the GO junction remains unknown, 

adenocarcinoma of the proximal stomach and distal oesopha- For many years there has been interest in the potential role 

gus (collectively referred to as GO junction cancers) is rising of endogenously produced N-nitrosocompounds such as 

(1-4). GO junction cancers differ from cancers of the mid or nitrosoamines and nitrosoamides in the aetiology of upper 

distal stomach by being associated with normal or high levels GI cancer (10). This is due to the fact that the acidic 

of gastric acid secretion rather than with hypochlorhydria or conditions present in the stomach may allow formation of 

achlorhydria (5-7). these N-nitrosocompound through the reaction of nitrite with 

The rising incidence of cancers and precancerous lesions at secondary amines and amides (11). Following the ingestion of 

the GO junction is being attributed to noxious effects of acid, nitrate in the diet, large amounts of nitrite are delivered into 

pepsin and possibly bile refluxing from the stomach (8,9). the acid stomach (12, 13). This is due to the fact that 

However, chronic acid/peptic/bile induced mucosal damage following its absorption in the small intestine 20% of the 

may not be sufficient to induce neoplastic change, as nitrate is taken up by the salivary glands and secreted into the 
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mouth (13, 14). Bacteria on the dorsum of the tongue then 
reduce about 25% of the nitrate to nitrite (15-17). Thus about 
5% of all the nitrate ingested in the diet or produced in the 
body appears in the mouth as nitrite. The salivary glands also 
actively take up thiocyanate and its concentration in saliva is 
approximately 1 mmol/1 and even higher in smokers (18). The 
latter anion may also be secreted directly into gastric juice 
(19). Thiocyanate is a powerful catalyst of the nitrosation of 
secondary amines by nitrite under acidic conditions (20, 21). 
The delivery of nitrite and thiocyanate into the acidic 
environment of the stomach has therefore been regarded as 
a potentially important source of endogenous formation of 
carcinogenic nitrosocom pounds. 

Recently, it has been recognized that the healthy stomach 
actively secretes ascorbic acid and that its concentration in 
fasting gastric juice is several times that in plasma (22-25). 
Ascorbic acid is a powerful inhibitor of the nitrosation 
reaction. Under acidic conditions, ascorbic acid reduces 
nitrite or related nitrosating species to nitric oxide and in 
the process is itself oxidized to dehydroascorbic acid (26-30) 
(Fig. 1). This removal of salivary nitrite by the ascorbic acid 
in gastric juice is probably the major mechanism preventing 
intragastric generation of nitrosocom pounds. However, the 
ability of ascorbic acid to remove nitrite and prevent 
nitrosation is markedly reduced in the presence of dissolved 
atmospheric oxygen (31-35). Though ascorbic acid can 
convert the nitrite to nitric oxide, the latter can combine 
with oxygen to reform nitrite, which can then react with 
further ascorbic acid (Fig. 1). This recycling of nitrite in the 
presence of dissolved oxygen results in consumption of 
ascorbic acid and then uninhibited nitrosation. 

We have recently studied changes in the gastric juice of 
healthy volunteers following ingestion of 2mmol nitrate, 
which is equivalent to that in a typical salad-containing meal 
(12). Following ingestion of the nitrate, the median salivary 
nitrite concentration rose from 40 umol/1 to 250 jamol/1 within 
20min and remained elevated for >2 h. The increased 
delivery of nitrite into the stomach in the swallowed saliva 
was accompanied by a 4-fold fall in the gastric juice 
concentration of ascorbic acid due to its conversion to 
dehydroascorbic acid. In most subjects, nitrite was not 
detectable in the gastric juice before or after the nitrate 
meal. However, in some of the subjects in whom the increased 
salivary nitrite caused marked depletion of gastric juice 
ascorbic acid, nitrite became detectable in the gastric juice. 
These studies indicated that the increased salivary delivery of 
nitrite following a nitrate meal could produce nitrosating 
conditions within the acid secreting stomach through simul- 
taneous depletion of ascorbic acid and consequent accumula- 
tion of nitrite. 

These observations of the marked depletion of intragastric 
ascorbic acid following nitrate ingestion stimulated us to re- 
examine the chemical reactions occurring when nitrite in 
saliva encounters acidic gastric juice. Our studies indicate that 
nitrosation within the lumen of the healthy acid secreting 
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stomach is likely to be maximal at the point where salivary 
nitrite first encounters acidic gastric juice. 

Aims 

The aim of our studies was to examine the potential for 
nitrosation to occur under conditions simulating the salivary 
delivery of nitrite following a nitrate meal into the acid 
stomach and the ability of ascorbic acid to prevent the 
process. 

Materials and Methods 

A model was developed to simulate the interaction of nitrite 
swallowed in saliva with gastric hydrochloric acid (HC1). A 
specially designed glass beaker simulating the stomach was 
filled with 50 ml of HC1 and maintained at 37 °C. Sodium 
thiocyanate at a concentration of 1 mmol/I was added to the 
HC1 to simulate that normally present in human gastric juice 
(19). Either ascorbic acid (or control infusion alone) was 
infused continuously into the HC1 at a rate of 18 umol/h to 
simulate its gastric secretion. Ten minutes after commencing 
the ascorbic acid or control infusion, nitrite was added to the 
stomach in a manner simulating its salivary delivery follow- 
ing a salad meal. This was done by injecting a 1 ml bolus of 
1.2 mmol/1 sodium nitrite every 3 min for 30min. The 
secondary amine morpholine was added to the simulated 
stomach at a concentration of 5 mmol/1 to allow monitoring of 
its nitrosation to nitrosomorpholine. The solutions in the 
stomach model were constantly mixed with a magnetic stirrer. 

Each of the experiments was performed with and without 
infusion of ascorbic acid and at different gastric pH values i.e. 
1.5, 2.5, 3.5 and 5.5. In some experiments, ascorbic acid was 
infused also at an 8 times higher rate of 150 umol/h. The 
different pH values were obtained by using different 
concentrations of HCL versus NaOH. Each of the experi- 
ments was also performed with and without depletion of 
oxygen from the solutions. For the oxygen depleted experi- 
ments, all solutions and chemicals were prepared with boiled 
distilled water and the apparatus was purged with nitrogen gas 
for 10 min before commencing the experiment. 

Throughout the experiments, samples were taken from the 
artificial stomach every 20 min for measurement of nitrite, 
ascorbic acid, total vitamin C and nitrosomorpholine. In some 
of the experiments the concentrations of nitric oxide and 0 2 
were also monitored. 

Experiments of the rate of reaction of nitrite with ascorbate 
Experiments were performed to investigate the rate of the 
interaction between nitrite and ascorbic acid in hydrochloric 
acid and human gastric juice. 

Twenty millilitres of HC1 (pH 1.5), containing ascorbic 
acid 500 umol/1 and sodium thiocyanate 1 mmol/1, was placed 
in a small glass vial at 37 °C. A nitric oxide sensor and 0 2 
probe were immersed in the acid. Two-hundred microlitres of 
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Fig. I. Diagrammatic representatio n of chemical reactions occurring 
when nitrite enters acid solution containing ascorbic acid and 2nd 
amines. The nitrite forms nitrous acid and nitrosating species that 
can nitrosate 2nd amines. The ascorbic acid prevents nitrosation by 
converting the nitrosating species to nitric oxide. However, in the 
presence of dissolved 0 2 , the nitric oxide combines with the 0 2 to 
reform nitrous acid and nitrosating species. 



20 mmol/1 sodium nitrite was injected into the stirred acid, 
producing a concentration of 200 umol/1 in the container. This 
concentration of nitrite is equivalent to that likely to occur 
following a nitrate-containing meal and at the point where 
saliva first encounters gastric juice (12). The experiments 
were performed on exposure to air and under oxygen-depleted 
conditions. Samples were taken after 10, 30, 100, 140 and 300 
s of nitrite delivery for measurement of nitrite, ascorbic acid 
and total vitamin C. The above rate of reaction experiments 
was repeated with natural human gastric juice obtained from 
patients undergoing pentagastrin tests of acid secretion. Fresh 
fasting gastric juice samples were stored at 2 °C immediately 
after the collection. The sample was divided into two aliquots. 



No ASC With ASC 

OxyRcn 20, Oxygen depleted :o Oxygen , Q Oxygen depleted 




Fig. 2. Rate of formation of nitrosomorpholin e (NMOR) when 
boluses of nitrite are delivered into HC1 containing thiocyanate over 
a 20-min period to simulate salivary delivery following nitrate 
containing meal. Nitrosation of morpholine was greatest at pH 2.5. 
Infusion of ascorbic acid (ASC) at rate simulating its gastric 
secretion was ineffective at preventing nitrosation if there was 
exposure to atmospheric oxygen. 



Ascorbic acid was added to one sample to achieve a 
concentration of 500 umol/1. Sodium nitrite was added to 
the other sample to remove any ascorbic acid. Twenty 
millilitres of each gastric juice sample was put into small 
vials at 37 °C and then a bolus of 200 ul of 20 mmol/1 sodium 
nitrite added to the stored solution to produce a final 
concentration of 200 }imol/l. The concentration of nitric 
oxide, oxygen, ascorbic acid, total vitamin C and nitrite was 
monitored as described above. 

For the assay of ascorbic acid and total vitamin C in the 
above rate of reaction experiments metaphosphoric acid and 
sulfamic acid were prepared from boiled water and collecting 
tubes were filled with argon gas. This was done in order to 
minimize any continuing reactions involving oxygen after the 
samples were obtained. The collecting procedure was 
accomplished as quickly as possible. 

Analyses 

Nitrite 

Immediately after sampling, the pH of all samples was 
raised by adding 0.5 ml phosphate buffer to pH 7.25 in order 
to prevent nitrite being converted to nitric oxide and lost. 
Samples for nitrite were stored at 4 °C and analysed the same 
day on 96 well microplates using a modified Griess reaction 
as previously described (12). Colorometric analysis was 
performed 15min after the addition of the Griess reagents 
using a 540 nm filter. 

Ascorbic acid, total vitamin C measurements. A 0.5 ml 
sample was added to two test tubes. Each contained 0.5 ml 
equal volumes of 2% metaphosphoric acid/0.5% sulfamic 
acid and 1 also contained 6mg/ml dithiothreitol (DTT). The 
sulfamic acid was added to remove any remaining nitrite. The 
purpose of the DTT treatment was to regenerate ascorbic acid 
from any dehydroascorbic acid in the sample, thereby 
allowing quantification of total vitamin C levels. Upon 
collection, samples were placed in liquid nitrogen before 
storage at — 80°C. They were stored for no more than 4 
weeks. Ascorbic acid was measured by high performance 
liquid chromatography as previously described (12) and based 
upon the method of Sanderson & Schorah (36). 

NMOR measurements. A 1 ml solution of 0.08 M HC1 and 
5% w/v sulphamic acid in saturated NaCl was pipetted into 
screw cap vials. Immediately before the experiments, 100 ul 
of a 0.01% N-nitroso-di-butylamine (in methanol) internal 
standard was added to each vial and mixed well. For each time 
point, 2 ml of sample was withdrawn from the s stomach* and 
pipetted into the appropriate vial along with 0.5 ml on 
extraction solvent mix (45:55 dichlorome thane idiethylether) 
and mixed well to allow transfer of the nitrosoamines into the 
organic phase. The vials were then left to stand to allow the 
layers to separate out. The upper (organic solvent) layer was 
then transferred into a tapered vial and 0.5 ml of fresh solvent 
added to the original vial and the procedure repeated. The 
resulting 1 ml of solvent in the tapered vial was then 
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Fig. 3. Addition of boluses of nitrite into HC1 containing thiocyanate 
and into which ascorbic acid (ASC) is being constantly infused. 
With exposure to atmospheric oxygen, the addition of nitrite causes 
rapid loss of all the added ascorbic acid at the lower pHs and nitrite 
accumulates in the stomach. 



concentrated to approximately 50 ul by blowing with a stream 
of nitrogen gas. These vials were sealed with crimp caps and 
stored at -20 °C until measurement by GC-MS (gas chroma- 
tography-mass spectrometry). All chemicals used were of the 
highest grade obtainable. 

Nitric oxide measurements. The aqueous dissolved nitric 
oxide concentration was monitored by an isolated dissolved 
nitric oxide meter (ISO-NO Mark II: World Precision 
Instruments, Inc. Sarasota, Fla., USA). The nitric oxide 
electrode was calibrated as follows: 20 ml of 0.1 mol/1 
H 2 S0 4 /KI solution was placed in a vial and the nitric oxide 
sensor placed in it; 200 ul solutions of sodium nitrite were 
added to produce final concentrations of 20 umol/1/ 
l,40umol/l, 60 umol/1, 80 umol/1 and 100 umol/1. Under 
these conditions the concentration of nitric oxide in the 
solution equals the concentration of nitrite. The electrode 
response was linear up to a nitric oxide concentration of 
100 |imol/l. The sensitivity of the electrode was 2.00-2.72 nM 
nitric oxide/pA. 

Oxygen measurements. Oxygen tension in the solution was 
measured by isolated dissolved oxygen meter and electrode 
(IS02. World Precision Instruments, Inc. Sarasota, Fla., 
USA). The oxygen zero point calibration of the sensor probe 
was done at 37 °C and by bubbling nitrogen gas through the 
same acid solutions and/or gastric juice as those used in the 
experiments. The initial 0 2 concentration in the experimental 
solutions was calculated from their temperature and os- 
molality. 

Results 

Nitrosation of morpholine by acidified nitrite in the absence 
of ascorbic acid 

We initially studied the nitrosation of morpholine when 
nitrite was delivered into HC1 containing 1 mmol/1 thiocya- 
nate but in the absence of any ascorbic acid. Under these 
conditions, morpholine was nitrosated to nitrosomorpholine 
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Time (min) 

Fig. 4. Experimental design as for Fig. 2, but with depletion of 
oxygen. Under these conditions, ascorbic acid is always detectable 
in the stomach and nitrite accumulation at lower pHs is reduced. 



and the rate of nitrosation was maximal at pH 2.5 with its 
concentration reaching 18.3 umol/1 after the 80 min incuba- 
tion (Fig. 2). The rate of nitrosomorpholine formation was 
slightly less at pH 1 .5 and pH 3.5 and no nitrosomorphine was 
detected at pH 5.5. The rate of nitrosomorphine formation and 
the pH optima were unaltered when the experiments were 
repeated under oxygen-depleted conditions. 

Nitrosation of morpholine by acidified nitrite in the presence 
of ascorbic acid 

When the above studies were performed with ascorbic acid 
being infused into the artificial stomach, the results were 
profoundly different in the non-oxygen-depleted (Fig. 3) and 
oxygen-depleted (Fig. 4) conditions. 

Non-oxygen depleted system. In the experiments without 
prior oxygen depletion, the infusion of ascorbic acid at a rate 
of 18umol/h had only a minor effect in reducing the 
nitrosation of morpholine by the acidified nitrite. The amount 
of nitrosomorpholine formed was again greatest at pH 2.5, 
where the concentration at 80 min was 12.7 umol/1 compared 
to 18.3 jimol/1 in the equivalent experiment without ascorbic 
acid (Fig. 2). In order to understand the inefficacy of the 
ascorbic acid in preventing nitrosation of morpholine, the 
concentrations of nitrite, nitric oxide, ascorbic acid and total 
vitamin C were monitored in the above studies. 

The ascorbic acid concentration increased to 59 umol/1 
over the first 10 min of its infusion, which was prior to 
commencing the nitrite delivery (Fig. 3). However, despite 
continuing to infuse it at the same rate, no ascorbic acid was 
detected after commencing the nitrite administration in the 
HC1 solutions of pH 1 .5, 2.5 or 3.5. However, the total vitamin 
C concentration did increase, indicating that the ascorbic acid 
had been oxidized to dehydroascorbic acid. At pH 5.5, the 
infusion of AA resulted in a progressive rise in its concentra- 
tion in the HC1 with little being oxidized to dehydroascorbic 
acid following commencement of the nitrite delivery. 

Following the addition of the first bolus of nitrite at pH 1 .5, 
there was an immediate rise in nitric oxide concentration, 
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Fig. 5. Formation of nitric oxide (NO) within the artificial stomach 
when boluses of nitrite are delivered into HC1 pH 1.5 containing 
thiocyanate. Ascorbic acid (ASC) was infused into the stomach 
throughout the experiment at a rate of 18umol/h simulating its 
gastrin secretion and at the higher rate of 150umol/h. The studies 
were performed in the presence and absence of atmospheric oxygen 
and also with nitrogen bubbling through the solution. 



indicating that all the added nitrite had been reduced to nitric 
oxide (Fig. 5). However, the addition of subsequent boli of 
nitrite did not generate nitric oxide but merely increased the 
nitrite concentration (Figs 3 and 5). The rise in nitrite 
concentration was apparent at each pH value studied. 

Control experiments were performed (in triplicate) to 
check the stability of ascorbic acid at pH 1.5 with thiocyanate 
1 mmol/1 at 37 °C without any addition of nitrite. These 



experiments, performed without oxygen depletion, showed no 
loss of ascorbic acid over the 80 min period. 

The above experiments indicated that the acidified nitrite 
was rapidly consuming the ascorbic acid and thus preventing 
the latter from inhibiting the nitrosation of morpholine. 

Oxygen-depleted system 

When the above studies were repeated using solutions 
depleted of oxygen, the infusion of ascorbic acid (18 umol/1) 
completely prevented nitrosation of morpholine by the nitrite 
at pH 1.5, 3.5 or 5.5 At pH 2.5, some nitrosomorpholine was 
detected but only a very low concentration (Fig. 2). The 
concentrations of nitrite, nitric oxide and ascorbic acid were 
also markedly different under these anaerobic conditions. 

The ascorbic acid concentration fell following the first 
bolus of nitrite and this fall was most evident at pH 1.5 and 
2.5. However, ascorbic acid remained detectable at each time 
point and, following discontinuation of the nitrite adminis- 
tration, the ascorbic acid concentration progressively rose 
(Fig. 4). 

Nitric oxide concentrations were measured in the pH 1.5 
experiment. In contrast to the same experiment performed 
without oxygen depletion, the nitric oxide concentration 
increased with each additional bolus of nitrite until reaching 
the saturation point of the nitric oxide probe (Fig. 5). At the 
end of the nitrite administration, the nitric oxide concentration 
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Fig. 6. This shows the rate of oxidation of ascorbic acid (ASC) when a single bolus of nitrite (final 
concentration = 200 umol/1) is added to HC1 pH 1.5 containing thiocyanate in the presence (left) and 
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was 94 umol/1 and remained at this level for the next 40 min 
over which it was monitored despite no further addition of 
nitrite. The nitrite concentrations detected following the 
nitrite administration were less under these anaerobic condi- 
tions and this was most marked at the lower pH levels (Fig. 4). 

In the oxygen-depleted system the sum of the measured 
concentration of nitric oxide (78 umol/1) and nitrite (54 umol/ 
1) at 10 min after starting the nitrite infusion was greater than 
the concentration that could be accounted for from the 
quantity of nitrite added (86 umol/1). In addition, the very 
rapid rise in the nitric oxide concentration following the 
nitrite addition indicated it was all rapidly converted to nitric 
oxide. It was assumed that some or all of the nitrite detected 
by the Griess reaction was probably an artefact formed after 
collection of the sample as a result of the nitric oxide within 
the solution reacting with 0 2 in the pH 7 buffer solution to 
form nitrite. In order to confirm this, the experiment was 
repeated with N 2 constantly bubbling through the artificial 
stomach to remove any nitric oxide formed. Under these 
conditions no nitrite was detected. 



Ability of high doses of ascorbic acid to inhibit acid 
nitrosation in the presence of atmospheric oxygen 

Further studies were performed at pH 1.5 without oxygen 
depletion in which the ascorbic acid was infused at the 8-fold 
higher rate of 150 umol/h. This increased rate of ascorbic acid 



infusion completely prevented the nitrosation of morpholine. 
This much higher infusion rate of ascorbic acid also produced 
much higher concentrations of nitric oxide, concentrations 
that were equivalent to those seen in the lower (physiological) 
ascorbic acid concentration experiment with oxygen deple- 
tion (Fig. 5). Ascorbic acid was present at considerable 
concentration throughout the experiment with only approxi- 
mately 35%-40% being oxidized to dehydroas corbie acid 
after commencing the nitrite administration. 

In this high-dose ascorbic acid experiment without 0 2 
depletion, it was possible to calculate the molar loss of 
ascorbic acid relative to nitrite added. This indicated that at 
the end of the nitrite administration the amount of ascorbic 
acid consumed was 5.9 times greater than the amount of 
nitrite added and at 40 min after completion of the nitrite 
administration the ratio was 7.9. This represented 12 and 16 
times the amount of ascorbic acid predicted by the stoichio- 
metry of 1 molecule of ascorbic acid converting 2 molecules 
of nitrite to nitric oxide. 



Rate of nitrite -ascorbic acid reaction 

The rate of the interaction of nitrite and ascorbic acid in 
HC1 was examined by adding a bolus of nitrite (to produce a 
final concentration 200 umol/1) to HC1 pH 1.5 containing 
thiocyanate 1 mmol/1 and with and without exposure to 
atmospheric air. The nitric oxide concentration rose from 0 
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to 50 umol/1 within 10 s of adding the nitrite (Fig. 6). There 
was also rapid disappearance of ascorbic acid due to its 
oxidation to dehydroascorbic acid by the nitrite. The rate and 
amount of consumption of ascorbic acid was greater in the 
experiments exposed to atmospheric 0 2 with all the ascorbic 
acid being oxidized within 10 s of adding the nitrite. In the 
experiments exposed to atmospheric 0 2 the addition of nitrite 
was also accompanied by a rapid fall in 0 2 concentration (Fig. 
6). All of the dissolved 0 2 (120 umol/1) was consumed within 
50 s of adding the nitrite. 

Identical results were obtained when the studies described 
immediately above were repeated with natural human gastric 
juice pH 1.5 containing 500 |imol/l ascorbic acid and with no 
additional thiocyanate added (Fig. 7). 

Discussion 

Our studies simulated chemical reactions occurring when 
nitrite swallowed in saliva meets gastric HC1. The rate of 
nitrite delivery was based on our recent human study 
following ingestion of 2mmol nitrate, which is equivalent 
to that contained in a standard salad meal (12). The rate of 
delivery of ascorbic acid into the simulated stomach was 
based on the rate of gastric secretion of the vitamin by the 
healthy stomach (22-25). The concentration of thiocyanate 
was based on that reported in human gastric juice (19). 

In our initial in vitro experiments, we studied the effect of 
delivering nitrite into the artificial stomach in the absence of 
ascorbic acid. The stomach contained physiological concen- 
trations of thiocyanate (1 mmol) and morpholine as a 
potentially nitrosatable secondary amine. Under such condi- 
tions, the morpholine was nitrosated and the rate of 
nitrosomorpholine formation was maximal at pH 2.5. The 
rate of nitrosomorpholine formation was unaffected by the 
depletion of oxygen from the solutions. 

Chemical nitrosation occurs when nitrosating species such 
as N 2 0 3 , NO + or NOSCN are formed from nitrous acid and 
react with amines which are in their unprotonated state 
(11, 37) (Fig. 1). The proportion of nitrite present as nitrous 
acid is greatest at lowest pH (pKa nitrous acid = 3.3). 
However, the proportion of morpholine in its unprotonated 
state decreases with falling pH (pKa morpholine = 8.3). 
Consequently, conditions are optimal for nitrosation at a pH 
value of approximately 3.5. Thiocyanate which is secreted in 
saliva and present in gastric juice is a powerful catalyst of the 
nitrosation reaction. It also lowers the optimal pH for 
nitrosation to 2.5 (20, 21, 38). 

We proceeded to assess the ability of ascorbic acid to 
prevent the nitrosation reaction by infusing it into the stomach 
at a rate equivalent to its gastric secretion. Ascorbic acid 
effectively competes with secondary amines for the nitrosat- 
ing species, reducing the latter to nitric oxide and in the 
process the ascorbic acid is oxidized to dehydroascorbic acid 
(26-29) (Fig. 1). Under our experimental conditions, the 
ascorbic acid was ineffective at preventing nitrosation of 



morpholine despite being administered at four times the molar 
amount stoichemically required for converting nitrite to nitric 
oxide. In addition, at the pH values at which nitrosation 
occurs (1.5-3.5) no ascorbic acid was detected after commen- 
cing the nitrite administration, having all been oxidized to 
dehydroascorbic acid or other inactive metabolites. 

Previous studies have observed that dissolved 0 2 reduces 
the efficacy of ascorbic acid to remove nitrite and prevent 
nitrosation under acid conditions (31-35). When we repeated 
our studies under anaerobic conditions it resulted in ascorbic 
acid being detectable throughout the experiment, much 
greater loss of nitrite, much higher concentration of nitric 
oxide and prevention of nitrosomorpholine formation. We 
further investigated the extent to which dissolved oxygen was 
affecting the consumption of ascorbic acid by nitrite under 
acidic conditions. In order to do this, we infused ascorbic acid 
at a much greater rate at pH 1.5 without oxygen depletion and 
calculated the ratio of the amount of ascorbic acid consumed 
to nitrite administered. Under such conditions, 16 times the 
amount of ascorbic acid was consumed by the nitrite than 
expected from the stoichiometry. 

The increased consumption of ascorbic acid by nitrous acid 
in the presence of 0 2 is thought to be due to recycling of the 
nitric oxide (31-35) (Fig. 1). The nitric oxide formed from the 
reaction of nitrous acid with ascorbic acid combines with 
oxygen to reform nitrous acid and this recycling will continue, 
provided adequate oxygen is available, until all the ascorbic 
acid is oxidized (Fig. 1). The rate of this recycling and 
consequent consumption of ascorbic acid will depend highly 
upon the initial concentration of nitrite added and consequent 
concentration of nitric oxide initially generated. This is due to 
the fact that the rate of reaction of nitric oxide with 0 2 to form 
nitrite is related to the square of the nitric oxide con- 
centration x 0 2 concentration. 

We extended previous work in this area by examining the rate 
of the chemical reactions occurring when nitrite in saliva first 
encounters acidic gastric juice containing ascorbic acid and 
thiocyanate and exposed to atmospheric oxygen. For this we 
employed a nitric oxide probe allowing real-time measurement 
of the rate of appearance of nitric oxide, the main product of the 
reaction of nitrite with ascorbic acid. We also used an oxygen 
probe allowing real-time measurement of the rate of oxidation 
of the nitric oxide back to nitrite. The rate of appearance/ 
disappearance of the other relevant chemicals, nitrite, ascorbic 
acid and dehydroascorbic acid was also assessed. The above 
studies demonstrated that the reaction of nitrite with ascorbic 
acid in acidic gastric juice of pH 1.5 is extremely rapid. The 
great majority of the nitrite is converted to nitric oxide within 1 0 
s of encountering the gastric juice. Likewise, the ascorbic acid 
concentration fell from 500 umol/1 to 0 umol/1 within 10 s. This 
profound and rapid depletion of ascorbic acid in the presence of 
0 2 indicates very rapid recycling of nitric oxide back to nitrite. 
The recycling was apparent in the rate of depletion of 0 2 with its 
concentration falling from 120 umol/1 to 0 umol/1 within 20 s of 
adding the nitrite. 
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In summary, we have studied the chemical reactions that 
occur when nitrite in saliva encounters acidic gastric juice 
containing ascorbic acid and the potential for nitrosation to 
occur. We have confirmed that dissolved 0 2 markedly impairs 
the ability of the ascorbic acid to inhibit acid nitrosation. This 
is explained by the nitric oxide, formed by the reaction of 
ascorbic acid with nitrous acid, combining with the 0 2 to 
reform nitrous acid and this recycling continuing until either 
the ascorbic acid or the 0 2 as depleted. We have also extended 
previous work by studying the rate and extent to which these 
chemical reactions occur when nitrite in saliva first encoun- 
ters acidic gastric juice containing ascorbic acid. These 
indicate that in gastric juice of pH 1.5, the reactions are 
vo extremely rapid, with most of the nitrite being converted to 
nitric oxide and ascorbic acid consumed within 10s. In 
addition, in the presence of dissolved 0 2 and thiocyanate, the 
nitrite can consume several times its equivalent molar 
concentration of ascorbic acid within 10 s due to the rapidity 
of the recycling phenomenon. 

It has been considered previously that the stomach 
represents a single homogenous compartment with respect 
to acid-mediated luminal nitrosation. However, our present 
studies indicate that there is likely to be a nitrosative gradient 
within the healthy acid secreting stomach with the intralum- 
inal nitrosative potential being maximal at the site where the 
saliva delivering the nitrite first encounters acidic gastric 
juice. This will correspond anatomically to the GO junction 
and cardia. Gastric luminal nitrosation is likely to be maximal 
at this location for several reasons: (1) Acid nitrosation 
depends upon the ratio of nitrite delivery to ascorbic acid 
delivery. Nitrite is delivered into the acid stomach in saliva, 
whereas the ascorbic acid is secreted by the gastric mucosa. 
The ratio of nitrite to ascorbic acid will therefore be highest at 
the point where saliva first encounters gastric juice. (2) The 
very rapid rate of reaction between nitrite and ascorbic acid 
allows rapid depletion of ascorbic acid at the point where the 
reactants first meet. (3) The role of oxygen in enhancing the 
consumption of ascorbic acid by nitrous acid will also 
increase the potential for acid nitrosation at the point where 
saliva first encounters acidic gastric juice. Swallowing is the 
major source of delivering atmospheric air and thus oxygen 
into the stomach and the oxygen in saliva (31-41) will 
increase the local consumption of ascorbic acid. 

The GO junction and cardia is also the region of the 
stomach with the optimal postprandial pH for acid nitrosation. 
Following a meal, the buffering effect of the food raises the 
intragastric pH. However, we have recently demonstrated that 
the GO junction and cardia escape the buffering effect of food 
and maintain a pH of 2.5 (42). The GO junction and cardia 
thus have the optimal pH for acid nitrosation during the 
postprandial period when salivary nitrite delivery is maximal. 

The anatomical site where acid nitrosation will be maximal 
corresponds to the site of highest incidence of intestinal 
metaplasia and adenocarcinoma in the healthy acid-secreting 
stomach. This raises the possibility that the high incidence of 
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mutagenesis and carcinogenesis at the GO junction and cardia 
may be the consequence of local luminal production of 
nitrosocompounds . Such compounds are lipophylic and will 
rapidly diffuse into the local epithelium. In addition, they are 
known to produce intestinal metaplasia and carcinoma of the 
oesophagus and stomach in laboratory animals (43-45). 

Intragastric formation of nitrosocompounds has been 
incriminated in the carcinogenises of cancer of the mid and 
distal stomach (46). Such patients are achlorhydric or 
hypochlorhydric , leading to accumulation of nitrite in the 
gastric lumen and colonization of the stomach with bacteria 
able to convert the nitrite to nitrosocompounds. In the acid- 
secreting stomach, this bacterial mediated nitrosation will not 
occur. However, acid-mediated nitrosation due to acidifica- 
tion of salivary nitrite may occur and our studies indicate that 
this is likely to be maximal at the GO junction, which is the 
site of adenocarcinoma in such patients. 

A role for acid catalysed nitrosation in the aetiology of GO 
junction cancer could explain the marked rise in incidence of 
the cancer over the past 20 years (1-4). Dietary nitrate is the 
main source of salivary nitrite (12-14). Human exposure to 
dietary nitrate in the Western world markedly increased 
between 1950 and 1980 due to the huge increase in use of 
nitrogenous fertilisers (47,48). The increase in incidence of 
GO junction cancer is thus occurring at a time consistent with 
carcinogenic consequences of increased dietary nitrate 
exposure. 

Acknowledgement 

Grant support from the Japanese Society of Clinical Pharma- 
cology is gratefully acknowledged. 



References 

1. Blot W, Devise S, Kneeler RW, Foramen JF Jr. Rising incidence 
of adenocarcinom a of the oesophagus and gastric cardia. JAMA 
1991; 13:265: 1287 -9. 

2. Parch AT, MacDonald TA, Hopwood DA, Johnston DA. 
Increasing incidence of Barrett's oesophagus: education, en- 
thusiasm, or epidemiology? Lancet 1997,350:933 . 

3. Hansson L-E, Sparen P, Nyren O. Increasing incidence of 
carcinoma of the gastric cardia in Sweden from 1970 to 1985. Br 
J. Surg 1993;80:374-7. 

4. Hansen S, Wiig JN, Giercksky KE, Tretli S. Esophageal and 
gastric carcinoma in Norway 1958-1992: incidence time trend 
variability according to morphological subtypes and organ 
subtypes. Int J Cancer 1997;71:340-4. 

5. Fischermann K, Bech 1, Andersen B. Diagnostic value of the 
augmented histamine test in cancer of the upper part of the 
stomach. Scand J Gastroenterol 1969;4:517-9. 

6. MacDonald WC. Clinical and pathologic features of adenocarci- 
noma of the gastric cardia. Cancer 1972;29:724 -32. 

7. Hansen S, Vollset SE, Melby K, Aase S, Jellun E, Ferguson J, 
McColl KEL. Gastric mucosal atrophy is a strong predictor of 
non-cardia gastric cancer but not of cardia cancer [Abstract]. 
Gastroenterology 1998; 1 14:4:G2491 . 

8. Lagergren J, Bergstrom R, Lindgren A, Nyren O. Symptomatic 
gastroesophagea 1 reflux as a risk factor for esophagea i adeno- 
carcinoma. N Engl J Med 1999;340: 11:825 -31. 



Scand J Gastroenterol 2002 (3) 



RIGHTS L I fM Ki} 



Nitrosation Potential at GO Junction 261 



9. Cohen S, Parkman HP. Heartburn- a serious symptom. N Engl J 
Med 1999;340:878-9. 

10. Leach S. Mechanisms of endogenous N-nitrosation . In: Hill J, 
editor. Nitrosoamines : toxicology and microbiology. Hemel 
Hempstead: Ellis Horwood; 1988. p. 69-87. 

11. Mirvish SS. Role of Af-nitroso compounds (NOC) and N- 
nitrosation in etiology of gastric, esophageal, nasopharyngeal 
and bladder cancer and contributiion to cancer of known 
exposures to NOC. Cancer Lett 1995;93:17-48. 

12. Mowat C, Carswell A, Wirz A, McColl KEL. Omeprazole and 
dietary nitrate independently affect levels of Vitamin C and 
nitrite in gastric juice. Gastroenterology 1999;116:813-22. 

13. Gangolli SD, van den Brandt P, Feron VJ, Janzowky C, Koeman 
J, Speijers GJA, et al. Nitrate, nitrite and N-nitroso compounds. 
Eur J Pharmacol Environ Toxicol Pharmacol 1994;292:1-38. 

14. Bartholomew B, Hill MJ. The pharmacology of dietary nitrate 
and the origin of urinary nitrate. Fd Chem Toxicol 1984;22: 
10:789-95. 

15. Granli T, Dahl R, Brodin P, Bockman OC. Nitrate and nitrite 
concentrations in human saliva: variations with salivary flow- 
rate. Fd Chem Toxicol 1989;27: 10:675 -80. 

16. van Maanen JM, van Geel A A, Kleinjans JC. Modulation of 
nitrate-nitrite conversion in the oral cavity. Cancer Detect 
Prevention 1996;20:590-6. 

17. Ruddell WSJ, Blendis LM, Walters CL. Nitrite and thiocyanate 
in the fasting and secreting stomach and in saliva. Gut 
1977;18:73-7. 

18. Dougall HT, Smith L, Duncan C, Benjamin N. The effect of 
amoxycillin on salivary nitrite concentrations: an important 
mechanism of adverse reactions? Br J Clin Pharmacol 
1995;39:460-2. 

19. Boulos PB, Whitfield PF, Dover M, Faber RG, Hobsley M. 
Thiocyanate as a marker of saliva in gastric juice. Gut 
1980;21:18-22. 

20. Boyland E, Walker SA. Effect of thiocyanate on nitrosation of 
amines. Nature 1974;248:6()1 -2. 

21. Fan T-Y, Tannenbaum SR. Factors influencing the rate of 
formation of nitrosomorpholin e from morpholine and nitrite: 
acceleration by thiocyanate and other anions. J Agr Food Chem 
1973;21:237-40. 

22. Sobala GM, Schorah CJ, Sanderson M, Dixon MF, Tompkins 
DS, Godwin P, et al. Ascorbic acid in the human stomach. 
Gastroenterology 1989;97:357-63. 

23. Ruiz B, Rood JC, Fontham ETH, Malcom GT, Hunter FM, 
Sobhan M, et al. Vitamin C concentration in gastric juice before 
and after anii-Helicobacter pylori treatment. Am J Gastroenterol 
1994;89:533-9. 

24. Schorah CJ, Sobala GM, Sanderson M, Collis N, Primrose JN. 
Gastric juice ascorbic acid: effects of disease and implications 
for gastric carcinogenesis . Am J Clin Nutr 1991 ;53:287S -93S. 

25. Banerjee S, Hawksby C, Miller S, Dahill S, Beattie AD, McColl 
KEL. Effect of Helicobacter pylori and its eradication on gastric 
juice ascorbic acid. Gut 1994;35:317-22. 

26. Mirvish SS. Inhibition by vitamins C and E of in vivo nitrosation 
and vitamin C occurrence in the stomach. Eur J Cancer Prev 
1996; 5 Suppl 1:131-6. 

37. Mirvish SS, Grandjean AC, Reimers KJ, Connelly BJ, Chen S-C, 
Gallagher J, et al. Dosing time with ascorbic acid and nitrate, 
gum and tobacco chewing, fasting, and other factors affecting N- 
nitrosoproline formation in healthy subjects taking Proline with a 
standard meal. Cancer Epidemiol Biomarkers Prev 1995;4:775- 
82. 

28. Mirvish SS, Wallcave L, Eagen M, Shubik P. Ascorbate-nitrite 



o 

s 
s 



B e 

o o 



•5 c 
•3 Q 



■a 

o 



a 



o 



30, 



31. 



36 



37 



38 



reaction: possible means of blocking the formation of carcino- 
genic N-nitroso compounds. Science 1972;177:65-8. 
29. Mirvish SS. Blocking the formation of N-nitroso compounds 
with ascorbic acid in vitro and in vivo. Ann NY Acad Sci 
1975;258:175-80. 

Bunton CA, Dahn H, Loewe L. Oxidation of ascorbic acid and 
similar reductions by nitrous acid. Nature (Lond) 1959; 183: 
163-5. 

Archer MC, Tannenbaum SR, Fan T-Y, Weisman M. Reaction of 
nitrite with ascorbate and its relation to nitrosoamine formation. J 
Natl Cancer Inst 1975;54:1203-5. 

32. Licht WR, Tannenbaum SR, Deen WM. Use of ascorbic acid to 
inhibit nitrosation : kinetic and mass transfer consideration for an 
in vitro system. Carcinogenesis 1988;12:365-7??. 

33. Kyrtopoulos SA, Pignatelli B, Karkanias G, Golematis B, Esteve 
J. Studies in gastric carcinogenesis. V. The effects of ascorbic 
acid on N-nitroso compound formation in human gastric juice in 
vivo and in vitro. Carcinogenesis 1991;12:8:1371 -6. 

34. Licht WR, Fox JG, Deen WM. Effects of ascorbic acid and 
thiocyanate on nitrosation of proline in the dog stomach. 
Carcinogenesis 1988;9:373-7. 

35. Licht WR, Deen WM. Theoretical model for predicting rates of 
nitrosoamine and nitrosamide formation in the human stomach. 
Carcinogenesis 1988;9:227-37. 

Sanderson MJ, Schorah CJ. Measurement of ascorbic acid and 
dehydroascorbi c acid in gastric juice by high pressure liquid 
chromatography. Biomed Chromatogr 1987;2:197 -202. 
Leach S. Mechanisms of endogenous N-nitrosation. In: Hill J, 
editor. Nitrosoamines: toxicology and microbiology. Hemel 
Hempstead: Ellis Horwood; 1988. p. 69-87. 
Boyland E, Nice E, Williams K. The catalysis of nitrosation by 
thiocyanate from saliva. Fd Cosmet Toxicol 197 1 ;9:639— 43. 

39. Levitt MD, Bond JH. Intestinal gas. In: Sleissenger MH, Fordtran 
JR, editors. Gastrointestinal disease, 4th ed. Philadelphia: WB 
Saunders; 1989. p. 257-63. 

40. Pouderoux P, Ergun GA, Lin S, Kahrilas PJ. Esophageal bolus 
transit imaged by ultrafast computerized tomography. Gastro- 
enterology 1996;110:1422-8. 

41. Ergun GA, Kahrilas PJ, Lin S, Logemann J A, Harig JM. Shape, 
volume and content of the eglutitive pharyngea 1 chamber imaged 
by ultrafast computerized tomography. Gastroenterology 1993; 
105:1396-403. 

Fletcher J, Wirz A, Young J, Vallance R, McColl KEL. 
Unbuffered highly acidic gastric juice exists at the gastro- 
esophageal junction following a meal. Gastroenterology. In 
press. 

Shimosato Y, Tanaka N, Kogure K, Fujimura S, Kawachi T, 
Sugimura T. Histopathology of tumors of canine alimentary tract 
produced by N-methyl-N'-nitro-N-nitrosoguanidine , with parti- 
cular reference to gastric carcinomas. J Nat Cancer Inst 
1971,47:1053 -70. 

44. Sasajima K, Kawachi T, Matsukura N, Sano T, Sugimura T. 
Intestinal metaplasia and adenocarcinoma induced in the 
stomach of rats by N-Propyl-N'-nitro-N-nitrosoguanidine . J 
Cancer Res Clin Oncol 1979;94:201-6. 

45. Matsukura N, Kawachi T, Sugimura T, Nakadate M, Hirota T. 
Induction of intestinal metaplasi a and carcinoma in the glandular 
stomach of rats by N-alkyl-N'-nitro-N-nitrosoguanidines . Gann 
1979;70:181-5. 

46. Correa P. A model for gastric cancer epidemiology . Lancet 
1975;58-9. 

47. Food and Agriculture Organisation of the United Nations (FAO). 

48. Forman D, Al-Dabbagh S, Doll R. Nitrates, nitrites and gastric 
cancer in Great Britain. Nature 1985;313:620-5. 



42. 



43. 



Received 18 June 2001 
Accepted 4 September 200 1 




RIGHTS Lift! M> 



Z Lebensm Unters Forsch A (1998) 207:477-480 



© Springer- Verlag 1998 




M. Murkovic D. Steinberger W. Pfannhauser 

Antioxidant spices reduce the formation of heterocyclic amines 
in fried meat 



Received: 23 April 1998 



Abstract Heterocyclic aromatic amines (HAs) are mu- 
tagenic compounds that are formed during heating of 
meat and fish. These substances are reaction products 
of creatine with amino acids and carbohydrates. It is 
recommended that exposure to these probable human 
carcinogens should be minimised. Five heterocyclic 
aromatic amines which occur in beef were investigated: 
2-amino-3-methyl-imidazo[4,5-f]quinoline (IQ), 2-ami- 
no-3,4-dimethyl-imidazo[4,5-f]quinoline (MelQ), 2-am- 
ino-B^-dimethyl-imidazo^^-fJquinoxaline (MelQx), 2- 
amino-3,4 > 8-trimethyl-imidazo[4,5-f]quinoxaline (4,8- 
DiMelQx), and 2-amino-l-methyl-6-phenyl-imida- 
zo[4,5-b]pyridine (PhIP). Clean-up was done by acid- 
base partition followed by SPE using blue cotton. 
HPLC analysis was carried out by using electrochemi- 
cal detection for IQ- and IQx-type compounds and flu- 
orescence detection for PhIP. The concentrations of the 
aromatic amines were as follows: IQ, 10.2 |xg/kg; MelQ, 
2.46 |xg/kg; MelQx, 13.2 (xg/kg; 4,8-DiMeIQx, 2.26 fxg/ 
kg; and PhIP, 5.48 jxg/kg. The application of spices (ro- 
semary, thyme sage, garlic, brine) reduced the content 
of the HAs below 60% of the amount found in the con- 
trol 
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Introduction 

The major intrinsic mutagenic compounds in food iso- 
lated to date from heated meat and fish products are 
heterocyclic amines (HAs). It has been concluded from 
epidemiological studies that these compounds are 
probably responsible for the elevated risk of colon and 
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other types of cancer caused by the consumption of 
fried meat products [1, 2]. The International Agency on 
Cancer Research has classified several of the HAs as 
possible, and 2-amino-3-methyl-imidazo[4,5-f]quinoline 
(IQ) as a probable, human carcinogen and has recom- 
mended a reduction in exposure to these compounds 
[3]. However, in order to estimate and minimize expo- 
sure to HAs, it is necessary to analyze their quantities 
in foods. 

HAs are normally found in heated meat and meat 
products. The concentration of HAs depends on the 
time and temperature regime used during cooking [4, 
5]. An increase in the cooking temperature normally 
results in an increased mutagenic activity up to 200- 
250 °C If the surface temperature is increased to 300 °C 
the mutagenic activity increases markedly. At these 
temperatures other types of heterocyclic compounds 
are formed due to pyrolysis of amino acids [4]. The 
temperature profile which is normally found is de- 
scribed by Skog [4] with surface temperatures of 140- 
200 °C and a maximum temperature within the piece of 
meat of 100 °C. When, for example, poultry is fried at a 
surface temperature of not higher than 140 °C, the con- 
tent of HAs is comparably low [6]. The temperature 
gradient is formed mainly within the crust. The HAs 
are usually formed as a product of the Maillard reac- 
tion. It was suggested by Jagerstad et al [7] that the IQ 
compounds can be produced via the Maillard reaction 
from creatine, free amino acids and hexoses that are 
present in foods of animal origin. The formation of sev- 
eral imidazoquinolines and imidazoquinoxalines from 
these precursors has also been demonstrated to occur 
following the heating of model systems with creatine or 
creatinine, amino acids and sugars in diethylene glycol 
[8]. The substances that are mainly found in cooked 
meat and fish products are: (IQ) [9]; 2-amino-3,4-dime- 
thyl-imidazo[4,5-f]quinoline (MelQ) [10]; 2-amino-3,8- 
dimethyl-imidazo[4,5-f]quinoxaline (MelQx) [11]; 2- 
amino-3,4,8-trimethylimidazo[4,5-f]quinoxaline (4,8-Di- 
MelQx) [12]; and 2-amino-l-methyl-6-phenyl-imida- 
zo[4,5- b]pyridine (PhIP) [13] (Fig. 1). 
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Fig. 1 HPLC analysis of 2-amino-l-methyI-6-phenyl-imadazo 
[4,5-b]pyridine (PhlP) in fried beef using fluorescence detection 



The analysis of HAs is normally carried out by acid- 
base partition followed by two different SPE proce- 
dures. An overview concerning the analysis of HAs is 
given in [14]. Blue cotton which was used for this study 
is a trisulfo-copper-phthalocyanin complex bound to 
cotton. It was introduced for the clean-up of HAs by 
Hayatsu et al. [15]. Blue cotton has a high affinity for 
condensed planar aromatic structures and especially 
HAs. 

The influence of antioxidants on the formation of 
heterocyclic amines was especially shown in model sys- 
tems. First experiments revealed an increased mutagen- 
ic activity when a model system with amino acids, crea- 
tine and carbohydrates were heated in the presence of 
hydroquinone as prooxidant [16]. Addition of antioxi- 
dants to the reaction mixture also increased the forma- 
tion of MelQx [17], whereas flavones showed an inhibi- 
tory effect on the formation of HAs [18]. Several spices 
are known for their antioxidant activity. The active 
constituents of these are, for example, rosmanol, ros- 
madial, carnosol, carnosic acid, epirosmanol and me- 
thyl camosate in sage or rosemary [19-21]. The antioxi- 
dative principles in garlic are known to be S-alkenyl 
cysteine sulphoxides [22], and many other sulphur com- 
ponents also account for the antioxidant activity of the 
essential oil of garlic [23]. 

The aim of this study was to investigate the influence 
of spices that are known to have antioxidative proper- 
ties on the formation of HAs. Since radical reactions 
play an important role in HA formation, it was hypo- 
thesized that antioxidants should reduce the content of 
these mutagenic substances in fried meat. 



Materials and methods 

Frying of beef. A piece of beef (bos taurus, M. glutaeus medius) 
was fried for 20 min on both sides simultaneously using a teflon- 
coated heating device. The size of the meat was 10 cmxlS cm 
with a thickness of 1 cm. No salt or oil was added. The tempera- 
ture was recorded by use of PT100 sensors and a data logger 
(Grant Instruments, Cambridge, UK). The temperature profile is 
shown in Fig. 2. Addition of spices was done by spreading the 
ground powder on the surface of the meat 24 h prior to heating. 
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Fig. 2 HPLC analysis of heterocyclic amines (HAs) in fried beef 
using electrochemical detetion. MelQx 2-Amino-3,8-dimethyl- 
imidazo[4,5-fquinoxaline; IQ 2-amino-3-methyl-imidazo[4,5-f]- 
quinoline; 4,8-DiMeIQx 2-amino-3,4,8-trimethyl-imidazo[4 ) 5-f]- 
quinoxaline; MelQ 2-amino-3,4-dimethyl-imidazo[4,5-f]quinoline 



The spices used were rosemary (Rosmarinus officinalis), sage 
(Salivus officinalis), thyme (Thymus spp.), and garlic (Allium sati- 
vum). Brine, which is normally used for curing of meat, was ap- 
plied in the same manner since it is known that nitrite has antiox- 
idative properties. 

Chemicals. All chemicals used were of analytical grade. Water 
was distilled twice and additionally purifiedwith activated char- 
coal. All solvents, e.g. methanol and dichloromethane (DCM), 
were of HPLC grade and were purchased from Merck (Darm- 
stadt, Germany). Synthetic HAs used as reference materials were 
obtained from Toronto Research Chemicals (Toronto, Canada). 
Blue cotton was made in our laboratory according to Hayatsu et 
al. [15]. Remazol Turquoise Blue G 133 which is a trisulpho-cop- 
per-phthalocyanine complex used for preparation of blue cotton 
was a gift from Hoechst (Vienna, Austria). The copper complex 
was coupled to cotton. Dried spices were used and were bought in 
the local market. 

Sample Preparation. The fried meat was homogenized with a mix- 
er (B400, Buchi, Flawil, Switzerland) and freeze-dried. Freeze 
drying was done so that the samples could be stored before clean- 
up without any risk of further reactions in the meat. About 10 g 
of the homogenized grilled beef was suspended in 25 ml of 1 N 
NaOH and sonicated at room temperature for 15 min. The slurry 
was applied to a column filled with Extrelut (Merck, Darmstadt, 
Germany) and extracted slowly 5 times with 40 ml of DCM. The 
DCM was directly applied to a blue cotton column (10 ml). The 
HAs were eluted from the blue cotton with 100 ml methanol/am- 
monia (50/1). After evaporation of the eluent the residue was dis- 
solved in 1 ml methanol and diluted with 3 ml of water. This solu- 
tion was applied to a second solid phase extraction using a C18 
cartridge (SepPak, Waters, USA). Elution was done with 6 ml of 
MeOH/water (70/30). 

HPLC analysis. The extracts were evaporated to dryness and fi- 
nally dissolved in 1 ml methanol. Then 20 |xl of the sample was 
injected into a HP 1100 HPLC with an electrochemical detector 
(HP 1049 A) and for fluorescence detection into a Merck/Hitachi 
(LaChrom) liquid chroma tograph with a fluorescence detector (L 
7480), both equipped with a LiChrospher 60 RP-select B (5 jxm, 
250 x 4 mm) and a precolumn LiChroCART 4-4 (LiChrospher 60 
RP18 endcapped, 5 u,m). The columns were eluted with a mobile 
phase of methanol/acetonitrile/acetic acid/water (80/140/20/760) 
at a pH of 5.1. The flow rate was 1.0 ml/min and the effluent was 
monitored at +0.85 V for determination of the IQ-type sub- 
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stances. Fluorescence detection was carried out using 0.01 M trie- 
thylamme in water adjusted with phosphoric acid to pH 6.5 (50%) 
and methanol (50%) as eluent monitoring at A ex =316 nm, 
A em =370 nm for determination of PhlP. Separations were carried 
out at ambient temperature. 

Identification and quantification. The HAs were identified by 
comparing their retention times with those of authentic standards. 
Additionally, some samples were analyzed by diode array detec- 
tion and the spectra were compared with those of authentic stand- 
ards. The quantification was based on a standard addition method 
which was applied for every substance. All standard solutions 
were prepared daily from a stock solution which was stored in the 
dark at -20°C. The experiment was repeated 3 times using the 
same heating procedure. Standard addition was carried out with 
three concentration levels for all five compounds. The SD was 
calculated using linear regression of the standard addition. The 
standard addition was used to calculate the recovery for all sub- 
stances in every experiment. 



Results and discussion 

During frying of the beef for 20 min at temperatures of 
up to 180 °C, HAs were formed. The content of the 
HAs (13.2 fjug/kg MelQx; 10.2 |xg/kg IQ; 2.26 jxg/kg 4,8- 
DiMelQx; 2.46 jxg/kg MelQ and 5.28 jxg/kg PhlP) was 
comparable to other published results [13, 24-28]. The 
cooking conditions used were comparable to those used 
for household cooking and gave an attractive, well- 
cooked piece of meat. 

Table 1 lists the recovery and reproducibility of the 
analysis of HAs in beef. The calculation of the recovery 
was done by using the standard addition method. The 
recovery was around 70% for all HAs, with a lower re- 
covery for 4,8-DiMeIQx of 61% and IQ with a higher 
recovery of 77% using this clean-up method. Figure 1 
shows the HPLC analysis of PhlP using the very sensi- 
tive and selective fluorescence detection. The chroma- 
togram obtained by electrochemical detection for 
MelQx, IQ, 4,8-DiMeIQx and MelQ is shown in Fig. 
2. 

In Fig. 3 is can be seen that a higher temperature 
and a longer heating time resulted in a significant in- 
crease in the HA content. Especially the level of 
MelQx increased dramatically at higher temperatures. 
The level of PhlP did not increase that much, which can 



Table 1 Recovery of heterocyclic amines (HAs) in beef and 
reproducibility of the analysis. MelQx 2-Amino-3,8-dime- 
thyl-imidazo[4,5-f]quinoxaline; IQ 2-amino-3-methyl-imidazo 
[4,5-f]quinoline; 4,8-DiMeIQx 2-amino-3,4,8-trimethyl-imidazo 
[4,5-f]quinoxaline; MelQ 2-amino-3,4-dimethyl-imidazo[4,5-f] 
quinoline; PhlP 2-amino-l-methyl-6-phenyl-imidazo[4,5-b] 
pyridine 
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Fig. 3 Influence of cooking time and temperature on the 
formation of HAs in beef. For abbreviations, see Figs. 1 and 2 



Table 2 Influence of antioxidant spices on the formation of HAs 
in heated beef. For abbreviations, see Table 1 

Without Content of HAs in spiced meat compared to 
standard cooking procedure (% ) 





MelQx 


IQ 


MelQ 


PhlP 


4,8-DiMeIQx 


Spices 
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100 
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62 


31 
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be explained by the lower stability of PhlP at higher 
temperatures and therefore faster degradation under 
these cooking conditions. 

The application of spices to the surface of the meat 
resulted in significantly lower amounts of HAs. Table 2 
also shows that the spectrum of HAs formed differed 
when different spices were used. Brine, which contains 
sodium nitrite, also showed antioxidative properties 
that led to a reduction in the HA content. 

Addition of dried spices to the surface of the meat 
prior to heating resulted in a significant reduction in 
the content of HAs. This effect can be explained by the 
antioxidative properties of the spices. Radicals play an 
important role during the formation of nitrogen hetero- 
cyclic compounds in the Maillard reaction. The reactive 
intermediates (e.g. pyrazinium cation radicals [29] and 
pyridinium cation radicals [30]) could also be interme- 
diates in the formation of HAs. Antioxidants can inac- 
tivate these radicals and therefore reduce the formation 
of HAs in meat during heating. In contrast to the an- 
tioxidative effect of the spices tested, pro-oxidant addi- 
tives like Fe 2 * ions in the form of myoglobin increased 
the HA content (Table 2). The pro-oxidative properties 
have been described in detail by Halliwell and Gutter- 
idge [31]. Myoglobin, a complex containing Fe 24 " which 
is known for its pro-oxidant properties [32], was also 
tested for its effect on HA formation. Applied on the 
surface in the same manner as the spices the formation 
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Table 3 Effect of myoglobin added to the surface of the meat 
prior to frying. For abbreviations, see Table 1 





HA content using 
standard procedure 
(jxg/kg) 


HA content with 
addition of myoglobin 
(p-g/kg) 


MelQx 


13.2 


21.9 


IQ 


10.2 


16.2 


4,8-DiMeIQx 


2.26 


14.7 


MelQ 


2.46 


1.06 


PhIP 


5.48 


10.4 



of the HAs was increased significantly. The content of 
the HAs after treatment with myoglobin is shown in 
Table 3. 

The data showed a significant increase of all tested 
HAs except MelQ of at least 50%. Especially notewor- 
thy, 4,8-DiMeIQx increased 6 times when myoglobin 
was added to the meat. MelQ decreased from 2.46 fxg/ 
kg to 1.06 fxg/kg. 

The results show the positive effect of spices that are 
normally used during household preparation of meat 
on the formation of carcinogenic HAs. The method de- 
scribed may offer a useful means of reducing the forma- 
tion of carcinogens in cooked foods and of minimizing 
the hazards to human health. 
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